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PREFACE 


The tax imposed by corrosion of metals on industiy, the communit}'’, and the 
nation is an appreciable proportion of our national income. The costs have been 
not only in replacement of metals, the waste of wliich we can afford less and less 
as our ore reserves are depleted, but also in damage to products by contamination, 
shutdown of production, loss of efficiency, and in psychological factors attending 
imminent failure or explosion of corroding equipment. Unlike some forms of 
taxation, however, the tax leveled by corrosion can be reduced effectively by 
application of science and technology. Efforts in this direction have only barely 
begun. Vast opportunities are available to improve performance of metals in 
corrosive environments, and to reduce to a less staggering figure the annual toll 
exacted bj’^ metal deterioration. It is on such a premise that the subject of corrosion 
justifies its bid for attention and sujrport in the fields of science and engineering. 

This handbook, as its name implies, is a condensed summary of corrosion in- 
' > -'.'t’on, including within its scope a cross section of scientific data and industrial 
i " lyical that discussion should be concei’ned primarily with cori'o- 
sit. • ‘ion, and the behavior of metals and alloys in environments at ordinary 
and deviated temperatures. Some chapters are devoted brieflj’^ to current theories 
of corrosion and to corrosion testing, but obviously in any single book covering so 
broad a field, the latter subjects are treated less prominently than the former. 

Emphasis is on quantitative information. Qualitative data^ leaving the reader 
uncertain as to proper interpretation have been minimized ' By listing actual 
corrosion rates under precisely defined exposure conditions, the reader will have, 
so it is hoped, more adequate basis for sound judgment in using the information. 
Effective in this respect are some unpublished data supplied b^i' several authors. 
Such data, until the Corrosion Handboolc appeared, found no ready medium for 
publication; yet the information has practical importance. 

During organization of the book many gaps of information were uncovered 
which will pi'obably be made more prominent by the present correlation and classi- 
fic.ation of data.. It is hoped that, in addition to serving as an authoritative refer- 
ence, this book will stimulate appropriate experimental work directed toward 
supphnng what is now missing. 

As far as practicable, patented processes, formulas, and coatings are so indicated 
in the references, but the absence of patent reference does not necessaril}’^ imply 
that a means or method is in the public domain. Neithei should it be assumed 
that the mention of any patented process or proprietary formula is in any sense 
a recommendation for its application or use. 

The attempt was made in expressing corrosion rates to jfcranspose most data to 
inches penetration per year (ipy) or milligrams per squard' di^ciiheter per day (mdd). 

It is expected that these particular units will find favor In the corrosion literature, 
both because they have already had widespread use, ana also because some stand- I 
ardization is of great advantage to a reirdy familiarity with orders of magnitude. 
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To those making their first arquamtance with the subject it should l>e pointed 
out that corrosion rates reported m the^c uruts do not necessirily imply a 
total time of exposure confined to dajs m the case of mdd, or to years m the case 
of ip\ The rates are used m the same sense as miles per hour For example, 
a plane is said to trai el an axerage ol 100 miles jier hour, and yet may have been 
in the air either a matter of minutes or a matter of hours In flight, its velocity 
may haxe been greater or less than 100 miles per hour at any single moment 
Corrosion rates likeT\i«e represent an axerage oxer the time of exposure and may 
or may not include a rapid initial rate and a less rapid final rate In general, 
therefore extended extiapolation of corrosiou rates is not justified unless the 
charactenstics of the coriosion reaction ivith respect to time are nell knomi It is 
for tlus reason that nhenexer possible the total time of exposure accompanies the 
corrosion rates reported in this book 

Umts coni erted fi om English to metric sj stem or the rex erse, take into account 
approximate reproducibihti of the measurements For example the boihng pomt 
ofnaterat 100® C can be preci'elj interpreted as212® F but a furnace temperature 
of 1000® C 1 ' not ah\a>« regulated to a precision justifying a reported temperature 
of 1832® F It IS piobably better expressed as 1830® F, m xvhicb case the temper- 
ature 1 -* listed as 1000® C (1830® F) 

The sign of potentials conforms mth the conxention adopted by The Electro- 
chemical *500161} and National Bureau of Standards and is also that used in other 
countries Accordingly, a positive potential refers to a noble or cathodic potential, 
nhereas a negatixe potential appbes to an acti\e or anodic potential Ambiguity 
is avoided by usmg the words anodic or cathodic in place of or parallel mth positiie 
or negatue 

Plans for tlus book grew out of informal conxersations at The International 
^lckel Company s annual corrosion inspection at Kure Beach North Carolina 
and the early Gibson I«land corrosion conferences sponsored by the Amencan 
Association for tlie Adxancement of Science Tlie'e plans in part led to organiza- 
tion of the Corrosion Division within The Electrochemical Society m 1942 One 
of the first objectixes of the Corrosion Dmsion was the pubhcation of a convenient 
reference volume coxenng the entire field of corrosion to bring together m effect 
much o! the mhrmsiion scattered broadly throughout the sccenttRc xad engineer 
mg hterature This lOok js the first response to that objective Roy alties from 
its sale will be used by The Electrochemical Society to support similar actmties 
in corrosion 

Tlie times dunng which the project was organized and prosecuted were not the 
most favorable for an undertaking of this kind, but postponement «eemed less 
ju titled than an attempt to do our best under the circumstances Perhaps the 
demand for a practical suffimary of cotrosion information m a postwar penod 
acutely aware of consenatron, as well as required economies m industry, justified 
our decision to go ahead | 

Much encouragement and help dunng oiganization and planmng of this book 
came from R M Bums who, as president of Tlie Electrochemical Society, gave 
his full and actix e supjiort to the project He and F L LaQue generously con- 
tnbuted time and advice dunng themetamoipbi^of an idea mtoa 1200-page book. 
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Grateful acknowledgment is due many reviewere of chapters who, besides read- 
ing the manuscripts and checking information, often assisted still further by 
contributing additional data. Appreciation is expressed to The General Electric 
Company for providing the necessary facilities in the early organization of the 
book. I am pleased to acknowledge the assistance of W. D. Robertson in some of 
the proofreading, and, finally, the help of my wife in many routine tasks associated 
with editing a book of this kind. 

Cambridge, Massachusetts Herbert H. Uhlig 

July 21, 1947 Editor 
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Aeration Cell (Oxygen Cell). An electrolytic cell, the emf o{ ^hich is due to a 
difference in air (oxygen) concentration at one electrode as compared mth that 
at another electrode of the same material 

Aggressive Carbon Dioxide Free carbon dionde in excess of the amount necessary 
to prei ent precipitation of calcium as calmum carbonate. 

Anaerobic. Free of air or uncoznbmed 0x3 gen. 

Anion. A negati\elj charged ion of an electrolyte^ which migrates toward the anode 
xmder the influence of a potential gradient. 

Anode. The electrode of an eleetroljtic cell at which oxidation occurs In corro^on 
processes, usually the electrode that hao the greater tendencj' to go into solutjon. 
Tj’pical anodic processes are onions giving up electrons, metal atoms becon^ng 
tons m solution or forming an insoluble compound of the metal, and the oxidabon 
of an element or group of elements from a lower to a higher valence state. 

Anode Corrosion Efficiency. The ratio of the actual oorroaion ol an anode to the 
theoretical corro'ion calculated from the quantitj’ of electricity which has pasged. 

Anodic Polarisation. That portion of the polanzation of a cell which occurs at the 
onode. 

Anolyte. The electrolyte of an electroljiic cell adjacent to the anode. 

Cathode. The electrode of an electrolytic cell at which reduction occurs In corrotioa 
processes, usuallj the area that i» not attacked Topical cathodic processes ure 
cofions taking up electrons and bemg discharged, oxj’gen being reduced, and the 
reduction of an element or group of elements from a higher to a lower v alenee 
state 

Cathodic Corrosion. Corrosion rcmUing from a cathodic condition of a etructhre 
liSuaUy caused bj' the reaction of atkaUne products of electrob&is with an 
amphoteric metaL 

Cathodic Polarization, That portion ol the pohmalion of a cell which occurs at the 
cathode 

Cathodic Protection. Reduction or prevention of corrosion of a metal surface by 
making it cathodic, for example, bj' the use of sacrificial anodes or irapre^ed 
currents 

Catholyte. The electrolyte of an electrolytic cell adjacent to the cathode 

Cation. A poatively charged ton of an electrolyte, which migrates toward the cathode 
under the influence of a potential gradient. 

Caustic Embrittlement. Embnlllement of a metal resulting from contact with an 
alkaline solutiom 

Cavitation Erosion. Damage of a matenal as'wiated with the formation and collapcg 
of cavuties in the liquid at a soIid*liquid interface. 

Chalking. The development of Ioo«e remorable powder at or just beneath a coatjog 
surface 

Checking. The development of sli^t breaks m a coating which do not penetrate to 
the underljung surface Chectmg may be described as visible (as seen bj' the 
naked eye) or as miscro&copic (as seen under magnification of 10 diameters). 

Chemical Conversion Coating. A protective or decorative coatmg produced in %itu 
b}’ chemical reaction of a metal vntb a cho^n environment. 

* Italicized weeds are defined elsewhere in *he Glossarr. 
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Coefficient of Corrosion. The reciprocal of anode corrosion efficiency. A terra used 
in applied cathodic •protection. 

Concentration Cell. An electrolytic cell, the emf of which is due to a difference in 
concentration of the electrolyte or active raetal at the anode and the cathode. 

Concentration Polariaation. That portion of the polarization of a cell produced by 
concentration cliangcs resulting from passage of current through the electrolyte. 

Contact Corrosion (Crevice Corrosion). Corrosion of a metal at an area where 
contact is made with a material usually non-metallic. 

Corrosion. Destruction of a metal by chemical or electrochemical reaction with its 
environment. 

Corrosion Fatigue. Deduction of fatigue durability by a corrosive environment. 

Corrosion Fatigue Limit. The maximum repeated stress endured by a metal without 
failure in a stated number of stress applications under defined conditions of 
corrosion and stressing. 

Couple. A pair of dissimilar conductors in electrical contact. 

Couple Action. See Galvanic corrosion. 

Cracking (of Coating). Breaks in a coating which extend through to the underlying 
surface. Observation under a magnification of 10 diameters is recommended 
where there is difficultj' in distinguishing between cracking and checking. 

Crazing. A network of checks or cracks appearing on a surface. 

• Critical Humidity. The relative humidity above which the atmospheric corrosion 
rate of a given metal increases sharply. 

Deactivation. The process of prior removal of the active corrosive constituents, 
usually oxTgen, from a corrosive liquid by controlled corrosion of expendable 
metal or by other chemical means. 

Decomposition Potential (or Voltage). The practical minimum potential difference 
neccssaiy to decompose the electrolyte of a cell at a continuous rate. 

Depolarization. The reduction of counter-emf by removing or diminishing the causes 
of polarization. 

Deposit Attack. Corrosion occurring under or around a discontinuous deposit on a 
metallic surface. 

Dezincification. Corrosion of a zinc alloy, usually brass, involving loss of zinc, and 
a residue or deposit in situ of one or more less active constituents, usually copper. 

Differential Aeration Cell. See Aeration cell. 

Drainage. Conduction of current (positive clcctricitj') from an underground metallic 
structure by means of a metallic conductor. 

1. Forced Drainage. Drainage applied to underground metallic structures by means 

of an applied emf or sacrificial anode. 

2. Natural Drainage. Drainage from an underground structure to a more negative 

(more anodic) structure, such as the negative bus of a trolley substation. 


Electrochemical Equivalent. The weight of an clement or group of elements oxidized 
or reduced at one electrode of an electrolytic cell by the passage of a unit 
quantity of electricitj'. It is generally expressed in grams per coulomb. 

Electrolysis. The production of chemical change in an electrolyte resulting from the 
passage of electricity. 

Electrolyte. A chemical substance or mixture, usually liquid, containing ions which 
migrate in an electric field. 
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Electrolytic Cleaning The process of degreasing or descaling a metal by making it 
an electrode in a suitable bath 

Electromotive Force Senes (Emf Senes) A list of elements arrauged accordmg to 
their standard electrode potenltala the «ign being positive for elements "wbo'e 
potentials are cathodic to hjdrogeix and negative for tho e anodic to bjdrogen, 
(This coni ention of 'ign hi.toncaIl3 and currently us“d in European literature 
has been adopted bj the Electrochemical Society and b> the l\ational Bureau 
of Standards and is employed in this book. The opponte convention of G N 
Levels, has been adopted the Amencaa Chemveal Society 1 

Electronegative Potential. A potential corre^pondmg m =ign to tho'e of the actne 
or anodic member- of the Em/ Senes Became of exntmg confmion of sign m 
the bterature it is ‘Tiggested that anodic potential be used whenei er electro- 
negatn e potential is implied {See Eleclromoliie Force Senes [Emf Senes]) 

Electropositive Potential. A potential corre^pondmg m «ign to potentials of the 
noble or cathodic members of the Emf Senes It i» «ugge-ted that cathodic 
potential* be u-ed whenever elcctropo itive potential is implied (See £mj 
Senes ) 

Embrittlement. Severe 1&» of ductility of a metal or alloj 

Erosion Destruction of metal or other roatenal bj the abrasiv e action of bquid or 
gas U*uallj accelerated bv the presence of ‘^olid particles of matter m su-pen.ion 
and «ometune» bj corrofion 

Esfobation. Scaling off of a eurface in flakes or ]3}er 

Film. A thin not neceaarily v isible laj er of reatenal 

Fogged MetaL Metal the lu-ter of which has been sharply reduced by a film of 
corro ion product, 

Fretting Corrosion. Corronon at the interface bet-ween fao contacting surfaces 
accelerated by relative vnbration between them of amplitude high enough to 
produce slip 

Galvamc Cell. A cell made up of two discunilar conductors m contact with an 
electrolyte or two similar conductois m contact with dL.timilar elect olytes More 
generallj a galvamc cell converts energj liberated by a spontaneous chemical 
reaction directly into electneal energy 

Galvanic Corrosion Cottosioti as^oaated with the current of a galvamc cell made 
up of dkumilar electrodeo A1 o kDOwn as couple action. 

Galvamc Senes A list of metat and alloys arranged accordmg to their relative 
potentials m a gi' en environmenL 

Graphitization (Graphibc Corrosion) Corrosion of gray cast iron in which the 
metallic iron comtituent is converted mto conmon products leavmg the 
graphite intact. 

Hydrogen Embnttlement. Embnttlement earned by entrance of hydrogen into the 
metal as for example through picUmg or cathodic polanration 

Hydrogen Overvoltage Overvoltage asociated with the hberation of hydrogen gas 

Impingement Attack. Corrosion asrociated with turbulent flow of a bquid For 'ome 
metah the action la eonaderablj accelerated by entramed bubbles in the hqind 

Inhibitor (Apphed to Corrosion) A chemical <Tibstanee or mixture which when 
added to an environment usually m email concentration effectively decreases 
coJTonon 
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Intercrystalline Corrosion. See Intergranular corrosion. 

Intergranular Corrosion. Preferential corrosion at grain boundaries of a metal or 
alloy. Also called intercrystalline corrosion. 

Internal Oxidation. The precipitation of one or more oxides of alloying elements 
beneath the external surface of an alloy as a result of oxygen diffusing into the 
alloy from an external source. Also known as subscale formation. 

Ion. An electrically charged atom or group of atoms. 

Liquation. The process of separating a fusible substance from one less fusible by heat. 

Local Action. Corrosion caused by local cells on a metal surface. 

Local Cell. A cell, the emf of which is due to differences of potential between areas on 
a metallic surface in an electrolyte. 

Long- Line Current. Current (positive electricity) flowing through the earth from an 
anodic to a cathodic area which returns along an underground metallic structure. 
Usually used only where the areas are separated by considerable distance and 
where the current results from concentration cell action. 

Matte Surface. A surface with low specular reflectivity. 

Metallizing. The process of spraying a surface with a metal. 

Metal Replacement. The deposition of a metal from a solution of its ions on a more ' 
anodic metal accompanied by solution of the latter metal. Also called “Immersion 
Plating.” 

Mill Scale. The heavy oxide layer formed during hot fabrication or heat treatment 
of metals. Especially applied to iron and steel. 

Noble Metal. A metal which in nature occurs commonly in the free state. Also a metal 
or alloy whose corrosion products ai'e formed with a low negative or a positive free 
energy change. 

Noble Potential. A potential substantially cathodic to the standard hydrogen 
potential. 

Open Circuit Potential. The measured potential of a cell from which no significant 
current flows in the external circuit. 

Overvoltage. Difference between the potential of an electrode at which a reaction is 
actively taking place and another electrode at equilibrium for the same reaction. 

Oxidation. Loss of electrons by a constituent of a chemical reaction. 

Parting. The selective corrosion of one or more components of a solid solution alloy. 

Parting Limit. The maximum concentration of a more noble component in an alloy, 
above which parting does not occur within a specific environment. 

Passivator. An inhibitor which appreciably changes the potential of a metal to a 
more cathodic value. 

Passive-Active Cell. A cell, the emf of which is due to the potential difference 
between a metal in an active state and the same metal in a passive state. 

Passivity. 

Definition 1. A metal active in the Emf Series or an alloy composed of such metals 
is considered passive when its electrochemical behavior becomes that of an 
appreciably less active or noble metal. 

Definition S. A metal or alloy is passive if it substantially resists corrosion in an 
environment where thermodynamically there is a large free energy decrease 
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associated with its passage from the metalbc state to appropriate corrosion 
products 

Patina A green coating consiiting pnncipally of basic sulfate and occasionally con- 
taining small amounts of carbonate or chloride, which forms on the surface of 
copper or copper allots exposed to the atmosphere a long time 
pH. A measure of bj drogea ion activity defined by 

pH = logio— , 
an+ 

where oh'*’ “ hydrogen ion acti\it 3 the molal concentration of hydrogen ions 
multiplied by the mean ion activity coefficient 
Picile A •solution or process used to loosen or remove corrosion products such aa 
scale and tarnuh from a metal 
Pitting Erosion See Cat if ahon erosion 

Pitting Factor The depth of the deepest pit resulting from corrosion divided by the 
average penetration as calculated from weight lo«3 
Polarization The production of counter emf by products formed or by concentration 
changes resnUing from passage of current through an electrolytic cell 
Prime Coat A first coat of paint originally applied to improve adherence of the 
succeeding coat but now frequently containing a corrosion tnktbitor 

Reaction Limit The mmicnum concentration of an alloj component below which 
appreciable attack of the alloy takes place m a given environment, but above 
which the alloy is corrosion resistant 
Reduction Gam of electrons by a con«tituent of a chemical reaction 
Relative Humidity The ratio expressed as a percentage of the amount of water 
pre*ent in a given volume of air at a given temperature to the amount required 
to caturate the air at that temperature 

Rusting Corrosion of iron resulting in the formation of products on the surface 
consistmg largely of hj drous feme oiade 

Scaling The formation at high temperatures of partially adherent layers of corrosion 
products on a metal surface 

Season Cracking Cracking resulting from combined corrosion and internal stress 
A term usually applied to stress corrosion cracking of brass 
Self corrosion See Local action 

Slushing Compound A non drying oil grea«e, or similar organic compound which, 
when coated ov er a metal, affords at least temporary protection against corrosion 
Spalling The chipping or fragmenting of a surface or surface coating caused, for 
example, by differential thermal expansion or contraction 
Standard Potential (Standard Electrode Potential) The reversible potential for an 
electrode process when all products and reactants are at unit activity on a scale 
m which the standard potential for bjdrogen is zero 
Stray Current Corrosion, Corriwion caused by current through paths other than the 
intended circuit or bj ao> extraneous current in the earth 
Stress Corrosion, Corrosion of a metal accelerated by stress ' 

Stress Corrosion Cracking Craekmg re^tmg from the combined effect of corrosion 
and stress 

Subscale Formation See Internal ojxdalum 
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Tamish. Discoloration of a metal surface due to formation of an adherent con- 
tinuous film of corrosion products. 

Tuberculation. The formation of localized corrosion products scattered over the 
surface in the form of knoblike mounds. 

I 

Underfilm Corrosion. Corrosion that occurs under lacquers and similar organic films 
in the form of randomly distributed hairlines (most common) or spots. 

Weld Decay. Corrosion notably of austenitic chromium steels at specific zones away 
from a weld. 
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AN OUTLINE OF CORROSION MECHANISMS, INCLUDING 
THE ELECTROCHEMICAL THEORY 

U. R. Evans* 

DEFINITIONS 

The word corrosion denotes destruction of metal by chemical or electrochemical 
action; a familiar example is the rusting of iron. Comminution by mechanical 
agencies — for instance, the grinding of iron to dust — may conveniently be termed 
erosion. Some of the most dangerous types of metallic wastage, however, result from 
processes that are partly chemical and partl3' mechanical. Purelj”^ chemical corrosion, 
although starting rapidly, often becomes slow as soon as an obstructive layer of cor- 
rosion product has been formed upon the metallic surface. If, however, this corrosion 
product is continually being cracked by bending, or remo^'ed by scraping or other 
mechanical operation, corrosion will continue unchecked at its original rapid rate. 
Familiar examples of this conjoint action are provided by corrosion fatigue breakage, 
and the impingement attack by bubbles passing into condenser tubes or by vacuum 
cavities generated from ships’ propellers. 

This chapter provides a short account of the mechanism of corrosion of metals 
immersed in liquid. No attempt is made to discuss oxidation at high temperatures or 
the corrosion of metals exposed to the atmosphere, w’hich will be dealt with by other 
writers in the chapters which follow. 

MECHANISMS OF REACTION 

Direct Attack. 

Since the reaction of most metals with ox3'gen and/or water would result in a 
diminution of free energy, it may well be asked why metals do not quickl3’- disappear 
in service. The commonest reason has already been suggested, name^q that a film 
of solid corrosion products tends to isolate the metal from the corrosive agenc3', 
sometimes before the film has attained visible thickness. Rapid destruction may be 
expected where the immediate corrosion product is soluble in any liquid present. 
Parsons^ studied the behavior of several metals towards iodine dissolved in various 
organic solvents, and found that whenever the iodide of the metal under test was 
soluble in the organic liquid emplo3md, corrosion continued apace; where the iodide 
was neither soluble nor peptizabie, corrosion was slowed down by a film of solid 
iodide. Quantitative examination of the attack on silver b3’ a chloroform solution of 
iodine, carried out by Evans and Bannister,^ indicated that the rate of attack fell off 
with time as a film of silver iodide (insoluble in chloroform) developed, being at any 
moment inversely proportional to the film thickness. 

Two-Stage Attack 

Since most metallic oxides (except those of the alkali metals, alkaline earth metals, 
and thallium) are sparingly soluble in water, it might be expected that metals (other 

• Cambridge University, England. 

‘ L. B. Parsons, J. Am. Chem. Soc., 47, 1830 (1925). 

^ U. R.. Evans and L. C. Bannister, Proc. Roy. Soc. (A), 126, 370 (1929). 
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than the exceptions mentioned) would remain almost unattacked by distilled water 
containing 0x3 gen In general attack by higb punty water and oxj gen is indeed slow 
Bengough Stuart and Lee^ hax e shown how attack on zinc by water and oxygen falls 
off with time But in «ome ca^es a metal may enter the liquid a* one oxide or 
hj droxide being precipitated as a less soluble oxide or bj droxide at a distance from 
the metal 'o that a protectne lajer of the first (more soluble) oxide is not 
maintai ned For in tance iron placed in 
distilled water under conditions of limited 
oxjgen suppb may enter the liquid as ferrous 
hydroxide and be precipitated as the less 
soluble hydrated ferric oxide (jellow rust) at 
a slight di tance from the =urfacc Such rust 
being formed out of phj eical contact with the 
metal will be non protectne (Fig 1 ) If the 
suppb of 0x3 gen Is eufficient to cau-e the 
h3drated feme oxide to be formed m ph3aical 
contact with the metal attack will be stifled ' 
Mears and E% ana ^ in a stati tical stud3 of the 
behavior of dropa of di tilled water on iron 
surrounded b} different mixtures of ox3gen and nitrogen found that the proportion 
of dropa cau icg attack fell off steadib as the oxvgcn content was increased although 
those drops which did produce attack acted more rapidb at high 0x3 gen concentra 
tiona than at low onea 

Somewhat analogous results had been found b3 Forrest Roetheli Brown mdCox'' 
in their work on iron specimens rotating id water containing oxvgen They found that 
at low 0X3gen concentrations where the corrosion product woa loose granular black 
magnetite corrosion was roughly proportional to the owgen concentration At high 
concentrations where the corro ion product was a gclat nous h3drQted feme oxide 
precipitated in do e contact with the metal <0 as to provide a clinging protective 
film the corro ion rate was lower than this rule would predict 

The corrosion products formed in the first and second stages need not alwa3s differ 
in state of oxidation Our knowledge of the behavior of lead in water containing 
ox>genC rather suggests that lead d s.oIves in such water as lead oxide or h3 droxide 
and 1 precipitated as basic carbonate by the email amount of carbon dioxide invari 
abb present If this second product is formed m ph3«ical contact with the lead 
corrosion 13 ®low, if precipitated at a distance it is more rapid 

Electeochesiicu, Attack 

A common ca®e in which a corrosion product precipitated at a distance from the 
metal thus failing to “tiflc further coiro ion occuis when the mechani'm of attack is 
electrochemical In one seme almost any chemical action can be regarded as electro 
chemical being accompanied b3 the transfer or displacement of electrons In this 
chapter however the term electrocherrical altacf will be appl ed only to cases 

*G D Bengough J M and A R. Lee Pne Roy Soc (A) 116 449 (19'>7) 

* R. B XXears and 0 R. Evan* Tram Faraday Soe 31 S27 (193oJ 

*H O Forrest B E Roetheli R H Browii,ai>dG Coi Ind Eng Chem 22 1197 (1930) 33 350 
650 1010 1012 (1931) 

* J F Liver«eege and A W Knapp J Soc Chem Ind 39 30T (1920) O Bauer and G Sch Icorr if lit 
dent M atervtlpraJvngsanitaXU SS 67 (1936) O HeeUw and H Ranemann Z iletallkunde 30 410 
(193S) G Sehikorr Korrotum u. iletaRsehatx 16 ISl (1940) E. A. G Lidd ard and P E Bankea J Soc, 
Chem. Ind 63 39-18 (19*4) 
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Fig 1 Rusting of Iron in Pure TTater 
(The diagrams for this chapter were pre- 
pared by R. S Thornhill ) 
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connected with spatially separated anodic and cathodic areas, so that corrosion is 
accompanied by electric currents flowing for perceptible distances through the metal. 

Consider, for instance, an article (Fig. 2) consisting partly of iron and partly of 
copper immersed in sodium chloride solution below air. A current will pass between 
the iron as anode and the copper as cathode, its strength being determined by the 
rate of arrival of oxygen, the cathodic stimulator, at the copper surface. The two 
reaction products, ferrous chloride at the anode and sodium hydroxide at the cathode, 
will meet in the middle of the liquid, yield- 
ing ferrous hydroxide, which will take up 
further oxygen to produce hydrated ferric 
oxide (yellow rust). The final result is, there- 
fore, a combination of iron, oxygen, and 
water to give hydrated iron oxide. It should 
be noted, however, that the iron passes into 
the liquid at one point, the ox 3 ’’gen is taken 
up at a second, and the rust appears at a 
third, so that the precipitation cannot stifle 
further attack. It is the fact that solid corro- 
sion product often appears at a distance 
from the seat of corrosion which renders electrochemical action so dangerous. In those 
cases where electrochemical action would jueld a sparingly soluble body as the direct 
anodic product (e.g. lead in a sulfate solution), the attack will stifle itself at the outset 

Th^jjresence^ ^ a s econd metal is not needed for electrochemical action , ^on 
cov ered with mill scale suffe rs se v ere attack at small interrupt ion s in the scal e whe n 
placed, say, in sal t water. (Fig. 3). Here the mill scale acts as cathode and the iron 
exposed at the discontinuity as anode, and the attack is made more intense by the fact 
that the anode is small compared to the cathode. The large amount of oxygen reaching 
the large cathodic area will usually permit a fairly high current to flow, and since its 
effect is concentrated on the small anodes, the attack will produce serious pitting at 
breaks in the scale. 
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Fig. 2. Rusting of Iron in Salt Solution 
at Junction with Copper. 
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!PIT forming at 
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Fig. 3. Pitting at Break in Mill 
Scale. 
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Fig. 4. Rusting of Iron Partially Im- 
mersed in Salt Solution. 


Even the presence of mill scale is unnecessary for electrochemical action. A piece 
of bright iron partially immersed in sodium chloride solution (Fig. 4) will at the 
outset develop numerous anodic and cathodic areas interspersed all over the surface, 
owing to local chemical or physical differences in or on the metal. However, since the 
oxygen needed for the main cathodic reaction will readily be replenished only near 
the water line, the cathodes on the lower part of the specimen will cease to function, 
and these parts will become wholly anodic. Since the total cathodic current must be 
equal to the total anodic current, the part near the water line will become predomi- 
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nantlj cathodic and rust wili be precipitated at the le% el irheTe the cathodic and 
anodic zones meet 

Currents set up through differences of O’O'gen supplj are generally called differential 
aeratio i currents There are of cour e many other factors that can «et up potential 
differences between different part*! of a metal and these base been inie^tigated b\ 
Mears and Brown ^ Prolonged di«cus'non regarding the electrochemical mechanism of 
corrosion has taken place between the Laboratories at Teddmgton and Cambridge 
(England) leading in 1938 to an agreed statement* by four authors two from eacl 
laboratory 

PROOF OF THE ELECTROCHEMICAL CH\RACTER OF CORROSION 
In order to ascertain whether electric currents are reallj flowing oier the surface 
of corroding metals in quantity sufficient to account m the sense of Faraday s Law 
for the whole attack seieral senes of experiments have been earned out in the 
authors laboralorj Hoar^ studied the action of potassium chloride solution on par 
tially immersed plates of a «teel that showed reproducible boundaries of the corroding 
area In some experiments he cut the specimens along the boundaries protected the 
edges with a wax mixture and passed known currents between two segments noting 
the relation between current and the potential of the cathodic segment This 
relation enabled him bj measuring the potential of uncut specimens immer«ed jn 
the same liquid to know what current was pas mg and he found that thia current 
was almost exactly equivalent to (he corrosion that the lo's of weight showed to bo 
taking place 

Later Agar^o developed a different method for measuring electric currents flowing 
on zinc partlj immersed in sodium chloride solution He traced out eqiiipotential 
lines as contours on a chart and calculated the current from the distances between 
these lines which will be crowded together when the current is high and far apart 
when it IS low The current measured was sufficient to account for the whole of the 
loose corrosion product formed A small amount of adherent matter formed above 
the water line seems to have a slightly different mode of origin 
pTeMOUsl> ThornhiU had earned out several re eatches with dicfcctTodes In bis 
work on partially immer=cd zinc’* the dielectrode consisted of two silver silver 
chlonde electrodes each provided with a tubulus The open end of one tubulus was 
pressed against any point on a corroding zinc specimen which it was de«ired to 
examine the end of the other tubulus remamed a short distance from tho zinc surface 
The two electrodes were joined to a sen«itiv e galv anometer Clearlj m such a ca«e 
if the point were anodic the galvanometer would rcgi ter a current m one direction 
whereas if it were cathodic the deflection would be m the opposite sense Thornhill 
found that corrosion was observed only at those pomts that the electncal instrument 
showed to be anodic at cathodic or neutral points no attack took place Although 
purely qualitative this investigation pointed verj definitely to the fact that the 
corrosion of zinc partially immersed m sodium chloride was solely of an electro- 
chemical character 

A dielectrode can however furnish quantitative results Thomhill^^ measured the 

B MeaisandR H Brown Ind Eng CAem W 1001 (1941) 

*G D Bengoush U R. Erana T P Hoar and F Wormwell Chem Ind p 1043 (1938) 

*T P Hoar and U R Evana Prot Rog Soe (A) 137 343 (1932) 

i®J \ Agar unpubi ehed wort, eummanaed by U R Evani J Iren Stul Inrt 141 221P (1940) 

“ R S Thornb « and E R Evan* J Clem Soc p 2109 (1938) 

**R. S Thornhill *nd U R. Fvana J Clem See p 611 (1938) 
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currents flowing around a scratch line made on iron wetted with sodium bicarbonate 
solution of a concentration chosen to cause rusting along the scratch but not else- 
where. He found that currents were actually flowing between the scratch line as anode 
and the uncorroded region around as cathode, and somewhat exceeded the strength 
needed to account for the measured corrosion, assuming that the iron was entering the 
solution solely as ferrous salts. It was concluded that the electrochemical oxidation 
of ferrous to ferric ions contributed appreciably to the current flowing. 

A v'crj' interesting study of corrosion around scratch lines was carried out on 
aluminum.^3 As is well known, the corrosion of aluminum usually starts at small 
scratches or blemishes representing weak places in the invisible oxide film. By coating 
all the weak places on one piece of aluminum with a wax mixture, and then covering 
up the whole surface except the weak places on a second piece connected through an 
ammeter to the first. Brown and Hears measured the current passing between the 
weak places and the film-covered surface, and found it to be the electrical equivalent 
of the corrosion actually proceeding. They also obtained correlation of corrosion rate 
with the current flowing between naturally occurring pits and unattacked areas on 
aluminum surfaces. 


MECHANISM OF CORROSION OF IRON FULLY IMMERSED FOR LONG 
PERIODS IN WATER OR SALT SOLUTIONS 

In the cases studied above, it is fairly certain that corrosion is connected with 
electric currents passing through relatively large and stable anodic and cathodic areas. 
In the case of a horizontal iron surface kept fully immersed for long periods, the 
situation is less certain. Bengough and his colleagues^'* have measured the corrosion 
of horizontal iron or steel disks over periods of several years. In the case of steel 
immersed in N potassium chloride solution, they found that during the first 500 to 
600 days the metal is covered with a thin layer of black magnetite, overlaid by a 
loose mass consisting mainly of hydrated ferric oxide, that can easily be shaken ofif 
without affecting the rate of corrosion. Later a gradual change occurs to a more 
coherent form that cannot be shaken off, and this transformation is accompanied by 
a steady fall of corrosion rate. Since many of Bengough ’s specimens ultimately became 
corroded over the whole surface, it is clear that corrosion is not connected with large 
stable anodic and cathodic areas. One possible view is that large anodic and cathodic 
areas do exist, but that their polarity changes, so that every point on the metal 
becomes anodic in turn, thus explaining why the whole surface ultimately suffers 
attack. Another possible explanation is that the mechanism is not electrochemical 
at all, but consists of a two-stage oxidation of the form suggested above. A third 
explanation has been put forward by Herzog,*^ who found that iron placed in soft 
or distilled water also became covered with a film of magnetite that was fairly 
adherent, but not .sufficiently continuous to prevent attack on the iron below, and 
was in turn covered with a layer of hydrated ferric oxide (yellow rust). Herzog 
believes that the magnetite forms the cathode of the corrosion couple, the iron below 

R. B. Mears and R. H. Brown, Trans. EUctrochem. Soc., 74, 495 (1938); 81, 455 (1942). See also similar 
work on Btccl, maRncsium, and etainlcss steels by L. J. Benson, R. H. Brown, and R. B. Mcars, Trans. 
EUclroclirm Soc., 76, 259 (1939); R. H. Brown and R. B. Mcars, Trans. Faraday Soc., 35, 407 (1939). 

G. D. BcnROURli, J. M. Stuart, A R. Leo, and F. Wormwell, Proc. Roy. Soc. (A), 116, 425 (1927); 121 
SS (1928); 127, 42 (1930); 131,494 (1931); 134, 308 (1931); 140, 399 (1933). G. D. Bengough and F. Worm- 
well, Rept. Corrosion Committee Iron Steel Inst., 3, 123 (1935); 4, 213 (1936); J. Iron Steel Inst 131 285 
(1935). 

'‘R. Herzog, Evil. soc. c/.tm . 3. 1530 (1936); 6, 187 (1938). 
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it being the anode and suffering attack The Ioo«e jellow rust acts as depolarizer 
(cathodic stimulator) being presumably reduced to hydrated magnetite which may 
either be reoxidized by the oxjgen di&olved m the solution or may lo'e water 
reinforcing the film of anhjdrous magnetite Herzog supports his views by special 
experiments in which it was found that contact with magnetite does greatly accelerate 
the rate of corrosion of iron by water, contact with rust produces a much smaller 
effect 


MECHANISM OF ATTACK BY ACIDS 

The attack by non oxidizing acids will proceed rapidlj e\en in the absence of 
oxjgen The cathodic reaction here consists in the elimination of hydrogen according 
to the equation 

2H«- + 2c- = Hs 

instead of the absorption of oxygen 

%02 + H-O + 2e- - 2(OH ) 

which is the principal cathodic change in nearlj neutral solutions Both cathodic 
changes lead to a ri«e m pH value but the first is accompanied by liberation of 
hjdrogen and the «econd bj absorption of oxjgen The anodic reaction maj m either 
ca<e bo wntten (assuming the metal to be divalent as is usually the case) 

M - M** + 2e- 

In the hj drogen e\ olution. tj pe of attack the cathodes instead of being large areas 
will usually be small points of low iijdrogen overpotential The distinction between 
the cathode operating m two (jt^s of attack has been emphasized bj Brenncrtte 
Palmaer^^ considers that when acid attacks cast iron or a malleable casting the grains 
of graphite act as cathodes although Thiel and Eckell** prefer tho view that the 
furrows along the edges of the f)ake» rather than the flakes themselves constitute 
points favorable to hjdrogen evolution Hoar and bis colleagucs^o have obtained 
evidence that in the action of organic acids on «teel cemcntite acts as cathode since 
steel containing massive cementite is more su ceptib'e to «uch acids cetem panbus 
than steel free from this con«titueDt However the sulfur content of the iron has a 
greater influence on attack bj acids MDce hjdiogen sulfide stimulates the anodic 
reaction Hoar and his colleagues showed that if sufficient copper is present to lock 
up the 'mlfur as relatively stable copper sulfide susceptibihtj to acid is greatlj 
diminished 

In tie sttsfk by oxidizing aads «uch as nitnc acid the cathodic jraetjon ronsj^t? 
in the reduction of the oxidizing agent — a change which is «ometimes autocatalj tic "o 
In such ca«es there is no reason to believe that there are di'^tinct anodic and cathodic 
areas Probably the anodic and cathodic portions of the change proceed altematelj 
at the same point or concurrently at points exceedingly do e together 

Where corrosion by an acid would lead to a •sparingly coluble ■=alt the attack will 
generally tend to •^ifle it«elf The resistance of lead to «ulfuric acid of sih er to hj dro 
chloric acid and of magne<«iuin to hydrofluoric acid is connected with the low 
solubilities of lead sulfate silver chloride and magnesium fluoride But •sometimes 

** S Brennert Tron* Electrxhem Soc 76 231 (1939) 

Palmaer TAe Cerronon o/ A/rtaij (S\enAaBoI»haiideIsc«ntralen AB) 1 176 (19''9) S 14(1931) 

»* X. Th el and J Fckell Z Eleetrochem 33 38o (1927) 

”T P Hoar D Havenhand T Is Moms and TV B Adam J Iron SUel In$t 133 239P (1930) 
140 55P (1939) 144 133P (1941) 

*®H J T EUingham J Ch-m Soc p 1565 a93»> U R. Evans Tram FaraJay Soc 40 120 (1944) 



AN OUTLINE OF CORROSION MECHANISMS 


9 


the velocity of dissolution of a compound may be more important than its equilibrium 
solubility. The surprising resistance of certain trivalent metals to nitric acid is 
connected with the slow rate of dissolution of sesquioxides. Films of ferric oxide, if 
once isolated from the metallic basis, will remain undissolved even in dilute sulfuric 
acid for hours, 2 i although the same films, if present on iron dipped into the same acid, 
are dissolved within a minute. In the latter case the cell Fe ; Acid : Fe203 is set up 
at every discontinuity in the film, and causes cathodic reduction of FeaOs to the fer- 
rous state with immediate dissolution. The destruction of (visible) films of ferric oxide 
on iron can be avoided by any precaution that will prevent reduction to the ferrous 
state, such as anodic treatment, or the presence of an oxidizing agent (e.g., chromic 
acid) in the sulfuric acid. Now nitric acid is both oxidizing agent and acid. At high 
concentrations the oxidizing nature prevails, so that iron becomes passive, through 
the formation of an oxide film; at lower concentrations, the acidic nature prevails, 
and iron is violently attacked by dilute acid, although the same acid produces only a 
slow attack on aluminum — a metal without divalent compounds. 

SOLUBLE INHIBITORS 

It has been stated that electrochemical attack will stifle itself, just like any other 
type, when the solution is capable of yielding a sparingly soluble substance as the 
direct anodic product. The deposition of a sparingl3' soluble cathodic product will also 
slow down corrosion either by shutting out oxygen needed for the commonest cathodic 
reaction, or by “poisoning” spots favorable for other cathodic reactions, such as the 
production of hydrogen. Thus there are two separate classes of chemicals that can 
be introduced into waters to diminish corrosion. They are called anodic and cathodic 
inhibitors, according as they stifle the anodic or cathodic reaction. 

Anodic inhibitors are eflficient, and if added in sufficient quantity will practically 
prevent the corrosion of iron altogether. If added in insufficient quantity, they will 
often — for electrochemical reasons set forth elsewhere 22 — diminish the area affected 
more rapidly than they diminish the total corrosion, and thus actually increase the 
intensitj’^ of attack (the corrosion per unit area of the part affected). Thus anodic 
inhibitors may be dangerous, particularly in places containing corners or crevices 
where replacement is difficult, or points where sludge or debris is likely to collect. 
Tj'pical anodic inhibitors include sodium carbonate, phosphate, silicate, or chromate. 
The first three lead to sparingly soluble iron compounds as direct anodic products. 
A chromate, however, will interact with any soluble ferrous salt, throwing down a mix- 
ture of ferric and chromic (hydrated) oxides. An iron surface that has been exposed to 
air for some time udll already carry a film of ferric oxide, which, however, will be too ' 
discontinuous to confer protection against any ordinary natural water. If introduced 
into a water containing a chromate, the discontinuities will be “repaired” with the 
ferric-chromic oxide mixture, thrown down in close proximity to the metal, so that 
no loose rust will be formed.* Thus the film stripped by the iodine method from iron 
exposed to air for a long period before being introduced into potassium chromate 
solution will- contain only a little chromium, whereas that formed on iron freshly 
abraded just before its introduction will contain a larger quantity, as shown by the 
analytical studies of Hoar .22 

* For a different view of the action of chromates, see Passivili/, p. 31. 

U. R. Evans, J. Chem. Soc., p. 481 (1930); Nalure, 126, 130 (1930). 

~ U. R. Evans, Trani. Elecirochem. Soc., 69, 213 (1936); E. Chyzeivsiri and U. R. Evans, Trans. Eleclro- 
chem. Soc., 76, 215 (1939). 

T. P. Hoar and U. R. Evans, J. Chem. Soc., p. 2476 (1932). 
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Cathodic inhibitors ne\er pre\ent corrosion «>o completely as anodic inhibitors but 
are safer being le&s likely to intensify attack if added in insufficient amount The 
cathodic inhibitor that makes possible the u e of steel pipes for conv ej mg hard 
natural waters is calcium bicarbonate Such waters coat tl e pipe with calcium car 
bonate owing to the nse in pH produced bj the cathodic reaction This chalky 
deposit is often subsequently concerted to a clinging protective tjpe of rust 
by interaction tn situ with aDodican> produced iron salts But the stifling of attack 
will not occur if carbonic acid is present m excess of the amount needed for stabihz ng 
the calcium bicarbonate*** since such an exce<s mil prevent any immediate depo ition 
of calcium carbonate Since tl e quantity of carbonic acid needed for stabilization 
vanes with the cube of the (HCOa)" concentration it follows that a natural hard 
water that contains no excess or carbonic acid as it is pumped (for instance) from 
a chalk well may sometimes come to contain such excess after «oftening by the base- 
exchange process 20 It may thus lo e its power of «tifling corrosion From the point 
of view of corrosion base-exchange 'oftening is in general le«3 desirable than lime 
«oda •'oftenmg 

The intense corTO'’ion often «ct up b> water containing inhibitors at crevicen where 
metal surfacea approach one another is generallj attributed to the fact that inhibitors 
(which are 'lowly u'ed up m 'tifling corro'ion) will not be readilj replenished at 
remote comers 2 t Canus28 con«iders (hat crevices as such di place the potential m 
the anodic direction but his views have been cnticized b> Muller and later by 
Wemer who has repeated and extended Cariu» experiments obtaining results that 
suggest that crevice corrosion is generally connected with differential aeration and 
other concentration cells 

IkHIBITIVE PlGlIEVTS 

Obviously the introduction of a freely soluble pigment like sodium chromate into 
a protective paint would be futile since it would rapidly be wa.hed away by the rain 
On the other band a comp!eteI> in'oluble chromate (if such a substance existed) 
would probably fail to inhibit Theory «ufgesb> the choice of a pigment with inter 
mediate properties Thus Sutton and Le Brocq’* consider that for the protection of 
magnesium allojs 'trontium chromate strikes a happy balance between having a 
reserve of chromate undissolved and a useful amount m solution It is often con 
sidered that the vehicle cho'cn to carry an inhibitue pigment should not be 'o 
completelj waterproof as to prev ent the inhibitor parsing into solution Muhlberg S'* 
for m'tance states that inhibitivc pigments like red lead and zme chromate give 
better results in linseed oil than in media based on dehydrated castor and tung oils 
which have lower water ab'orption values 
The specific inhibitive nature of certain lead pigments used m pamts — quite apart 
from water exclu ion — has been demonstrated in laboratory experiments Lewis 

R Bajlis J Am Water Workt Atioe *7 230 (193i>) W F L&ngeber J Am Water Worke Aieoe. 
28 loOO (1936) T E de Mart n J Am Water WorU Auoc 30 8o (1933) 

»G Bodlander Z Phyt Chem SS 23(1900) 

** U R. Cvanj Joameet de la lulte eantre la earronim (Spec at number of CAtmie et tTidurtrtc Pana) 
p 4920 (1933) Chem and Tnd (Loodon) 19 8C7 (1941) 

T^R B Mears and U R Etana Trant Faradaj/Soc 30 417 (1934) 

**C Canus Ber itber die Korronontloirunsr 8 61 (193S) 

** W J Muller Ber aber die Korrononilagmig 6 71 (193a) 

*®M Werner Chem Fabrik 13 120 (1940) 

” H Sutton and L. F Le Brocq J In$t WetaU 87 223 (1935) 

* G Muhlberg Kollatd BnhefU 62 277(1911) 
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and EvansSS’ found that iron specimens shaken with air and water containing these 
pigments (no oil being present) suffered less corrosion than similar specimens shaken 
with air and water containing inert powders. The passivating power of these com- 
pounds has been clearly demonstrated by the potential measurements of Burns and 
his colleagues.3^ 


FUNDAMENTALS OF OXIDATION AND TARNISH 
H. A. Milet* 

INTRODUCTION 

Clean surfaces of many metals exposed to air oxidize quickly. The initial rapid 
reaction rate decreases as protective films are formed. Oxide films formed in air at 
ordinary temperatures are generally invisible, but when formed at higher tempera- 
tures they may pass through several orders of well-known interference colors. 
Prolonged heating at high temperatures produces thick surface layers of oxide 
or scale. 

The usual tarnish films developed in air at room temperature are composed of 
mixtures of oxides and sulfur compounds, as illustrated by cuprous oxide and cuprous 
sulfide on copper, and by silver sulfide, silver sulfate, cuprous oxide, and cuprous 
sulfide on coin or sterling silver. However, when a pure metal is exposed to only one 
reactant, a tarnish film consisting of a single compound may be formed. 

GROWTH OF OXIDE AND TARNISH FILMS 
Peemeability of the Surface Products 

The rate of reaction of metals with formation of corrosion product coatings depends 
in most instances upon the relative permeability of the coating to the reactants. A 
porous corrosion product film is less protective than one non-porous. W^hether or not 
corrosion product films are porous apparently depends on the relative volume of the 
corrosion product compared to the volume of the metal consumed in forming it. 
Pilling and Bedworthi showed that for oxidation if the ratio Md/mD (where M is 
the molecular weight of the oxide and D its density, m is the atomic weight of the 
metal multiplied by the number of metal atoms in the oxide formula, and d is the 
metal density) is greater than unity, the oxide coating is protective; when less than 
unity, it is non-protective. Metals accordingly can be divided into two groups. 

1. One group is composed of the lighter metals with porous oxides smaller in 
volume than the equivalent metal consumed in producing the oxides. These metals at 
constant temperature oxidize at a rate nearly constant with time. E.xamples are 
calcium (CaO) and magnesium (MgO), which have ratios of Md/mD equal to 0.64 
and 0.79, respectively. Data for magnesium showing a linear rate of oxidation with 
time are given in Fig. 1, p. 670. 

2. Aluminum and the heavier metals with non-porous oxides of greater volume 
than the equivalent metal consumed make up the second gi-oup. Many metals of this 
group oxidize at a rate inversely proportional to the square root of the time or, as 

* Radiation Laboratory, Massacbusetts Institute of Technology, Cambridge, Mass. 

“ K. G. Lewis and U. R. Evans, J. Soc. Chem. Ind., 53, 25T (1934). Cf. J. E. O. Mayne, J. Soc. Chem. 
Ind.t 194G (in press). 

^ R. M. Burns, H. E. Haring, and R. B. Gibney, Trans. Elecirochem. Soc., 69, 169 (1936); 76, 287 (1939). 

^ N. B. Rilling and R. E. Bedworth, J. Insl. Metals, 29, 534 (1923). 
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commonly expressed, according to the parabolic equation (Under some conditions 
they oxidize proportionally to the loganthm of the time ) Examples are mckel (NiO), 


385» 366* 350* 345* 335* 32a*3l7V307* 



Fzo 1 Thickness of Osde Films on Iron at Vanoua Temperatures (* C) as a Function of 
Time (G Tammann and W Rosier Z anorg allgem CKem 123 196 [1922] ) 



Flo 2 Tmckness of Onde Films on Nickel at Various Temperatures (“ C) as a Function of 
Tune (G Tammann and TV Roster, Z anorg aUgem Chem, 12Z 196 [1922]) 

copper (CujO) and chromium (CrjOs), which have ratios of Md/mD equal to 160, 
1 71, and 2 03, respectiv ely - The parabolic relation with time for the oxidation rates 
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of copper is shown in Fig. 2, p. 623, and the logarithmic relation for oxidation rates 
of iron and nickel in Figs. 1 and 2 of this chapter. 

Cracking and Spalling 

Although a coating may be protective when first formed, a limited thickness is 
often reached at which the coating cracks. In some instances further heating serves 
to fill in the cracks or, after the film has become sufficiently thick, appreciable protec- 
tion may exist despite the cracks. In other instances, spalling or fragmenting of the 
coating occurs because the locked-up stresses in the oxide eventually exceed the 
binding forces of the coating. On cooling or heating the oxidized metal, differential 
contraction or expansion of oxide and metal also may cause spalling, thereby exposing 
the underlying metal to fresh attack.* Spalling occurs each time the metal is cooled 
and may continue for some hours after room temperature is reached.^ For this reason 
intermittent heating and cooling of a metal usually results in rates of reaction higher 
than those for continuous heating. 

Effect of Metal PROPERTiEsf 

The orientation of the base metal has an appreciable effect on the rate of oxidation 
of metals although there is as yet no agreement on measured rates for the various 
crystal faces. Tammann"* suggested that different oxidation rates of crystal faces is 
explained by a fixed orientation relation between the lattice of the metal and that of 
the oxide film. Lustman and Mehl,^ however, found that whereas a relation cf metal 
to oxide orientation exists, the relation of orientation to rate of oxidation is 
complex and is temperature dependent. (See also Effect oj Crystal Orientation on 
Corrosion, p. 33.) 

The lattice structure of a metal apparently can also influence the rate of oxidation. 
It was shown that oxidation rates of face-centered cubic (t) iron differ inherently 
from rates for body-centered iron (a) when extrapolated to the same tempera- 
tures.®- Data for the oxidation of iron by carbon dioxide showing a break at the 
approximate temperature of the phase transformation are presented in Fig. 3. If it is 
assumed that the nature and thickness of an oxide or tarnish film control the rate 
of reaction, it is logical that orientation and lattice structure of a metal in some way 
effect the composition, structure, electrical conductivity, or other property of the 
protective coating. There is some evidence, however, that the reaction rate may be 
controlled by transfer of electrons from metal to film, which, in turn, is affected by 
the electron configuration of the metal.® For example, discontinuities in the slopes of 
curves representing oxide film thickness formed at given temperatures on Fe-Ni alloys 
plotted with per cent nickel coincide with the Curie temperatures of the alloys. The 
subject requires further study. 

• Tendency to epall is in some degree dependent on the shape of the metal surface. Spalling of iron oxide 
on iron exposed to high-temperature steam is less pronounced on a concave surface than on a surface either 
convex or flat. See p. 518. Editor. 

t This section is by the Editor. 

® W. Hessenbruch, Zunderfesie Legierungen, p. 60, Berlin, 1940. 

^ G. Tammann, Stahl u. Eisen, 42, 615 (1922). 

® B. Lustman and R. Mehl, Trans. Am. Inst. Mining Met. Engrs., 143, 246-267 (1941), 

® A. Portevin, E. Pretet, and H. Jolivet, Rev. Met., 31, 221 (1934). 

^ K. Fischbeck and F. Salzer, Metallwirtschafl, 14, 753 (1935). 

® N. Mott, Trans. Faraday Sac., 35, 1175 (1939); 36, 472 (1940). B. Lustman, Trans. Electrochem Sac 
81, 359 (1942). 



14 


CORROSION THEORY 


CoilPOSITIOV* 

The composition of a metal is a sensitive factor m determining the oxidation or 
tarnish rate The alloy components that preferentially oxidize such as aluminum in 
copper or brass or silicon and chromium in iron eien though in small concentration, 
can effeetirely reduce the rate t It t. thought in the«e instances that the oxide first 
formed is enriched in the=e particular components and la therefore more effectn e than 
the atom fraction of components in the metal xiould lead one to suspect The oxide 
lajer high m allov elements appears to form an important barrier to the diffusion of 
reactants In the process of reaction the ions of the base metal usually diffuse out- 
ward through the inner protectiie layer to react with the non metallic components 



Fio 3 Effect of tf T Tranution on the Reaction Rate of Iron mth Carbon Dioxide 

Saturated mth Water (K Fischbeck and F Salzer ) 
of the coating but flt a rate much le«s than occurs m the absence of this lajer The 
presence of an inner lajer enriched in the allojtng elements that produce oxidation 
resistance has been demonstrated by chemical analyses of the oxide coatings formed 
on iron alloys both in air® and in steam 

SuBFACE Conditions 

The thickoeoa of the air formed oxide films referred to the apparent areat laries 
with the surface conditions The surface conditions, m turn, vary from the relatively 

• This section is by tbc Editor 

t The minor constitueots should possess (1) a value of Vd/mD > 1 (2) an oxide of high electncaJ 
les stivity 13) small-nzeU ions compaTedwilhllioseof the base metal. 

It should be noted that small amounts of alloying constituents ha^ e bttle or no effect on the tarnish rate 
of silver (L. E Price and G J Thomas J Intt Metals CS 29 |1938J) or copper (W H lemon Trans 
Faradai/ Soe. 23 113 11927]) at ordinary temperatures probably because restneted diffusion m the metal 
lattice prevents concentration of the altoy constitiwzitB in a surface-product film. Pnvate communication 
from XV E Campbell Bell Telephone Laboratesy Murray Hdl N J 

{ The apparent area as measured by a ruler placed on the surface is independent of the roughness of the 
surface Thelocalor contour area iakcsinto aeeouatallUTegulanties such as the corrugations of tbe abraded 
surface. 

•L-B Hell J ZronSteellnsI tl9 530(1929) A White C Clark andC McCoIlam Trans Am Boo 
Metals 27 125 (1939) 

■®G Hawkins J Aguew and H Solberg Thms Am Soe Mech Engrs 


66 291 (1944) 
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stress-free surfaces of evaporated metal to the corrugated “shattered” metal surfaces 
on specimens vigorously abraded with a coarse abrasive. 

The initial film formed in pure air at ordinary temperatures on an annealed film- 
free copper surface maybe 10° A (10~7 cm) thick,ib 12 whereas it may be as much 
as eight times this amount for a copper specimen machined or abraded. The latter 
film is probably formed at the high local surface temperatures produced b 3 ^ abrasion, 
which may reach several hundred degrees centigrade.i^ The initial oxidation rate at 
room temperature of such an abraded surface is of the same order as for evaporated 
metal. The thickness of the oxide film on an abraded metal surface may therefore 
be influenced by (1) stresses induced by abrasion, (2) increased area (caused by 
corrugations, shattered metal, and cracks), and (3) superficial oxidation by reason 
of high surface temperatures produced by abrasion. 

When some metals are alternately oxidized and reduced several times, the surface 
is found to be much more active in further oxidation tests.i'* This activation of metal 
surfaces is attributed to the dispersal of the reduced metal in a larger volume (the 
volume that was occupied by the oxide), providing a “spongy” layer with a greater 
surface area exposed to the attacking oxj'gen. The reduction of the initial oxide on 
any metal, therefore, as part of a cleaning process, may leave the surface more active 
with respect to subsequent oxidation or tarnish. 

In general, smooth surfaces such as a polished surface, oxidize more slowly than 
such rough surfaces as are obtained by machining, abrading, or etching. This was 
indicated from oxidation experiments on copperi^ and on iron.^^ 

Effect of Environment 

The presence of sulfur-containing gases and moisture appreciably increases the 
oxidation rates of copper,^ iron (see Iron and Steel, p. 635), and man 3 ’' other metals 
and alloys in air. Moisture in hydrogen sulfide is necessary for tarnish of silver.* The 
mechanism of behavior of these constituents is not well known. 

THE EQUATIONS OP OXIDATION AND TARNISH 

There are three equations by which common metals are known to oxidize and 
tarnish under ordinary conditions: (1) the linear; (2) the parabolic; and (3) the 
logarithmic equations. 

The linear equation is generally expressed by 

y = K\t + Ai (1) 

the ■parabolic equation by 

y2 = K^t + A 2 (2 . 

and the logarithmic equation by 

y = Ks log (Aat + c) (3) 

where y — film thickness, t — time, and K, A. and c are constants. The history of the 

• Apparently oxygen as well as moisture is necessary. (S. Lilienfeld and C. E. White, J. Am. Chem. Soc 
82, 885 [1930].) 

** A. H. White and L. H. Germer, Trans. Electrochem. Soc., 81, 305 (1942). 

W. E. Campbell and U. B. Thomas, Trans. Electrochem. Soc., 76, 303 (1939). 

F. P. Bowden and K. Ridler, Proc. Royal Soc. (A), 1B4, 640 (1936). 

C. N. Hinshelwood, Proc. Royal Soc. (A), 102, 318 (1922). 

B. Lustman and R. Mehl, Trans. Am. Insl. Mining Met. Engrs., 143, 246—267 (1941). 

M. Day and G. Smith, Ind. Eng. Chem., 35, 1098 (1943). 

W. H. Vernon, Trans. Faraday Soc., 23, 113 (1927). 
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di«co\ery of these equations and a di''<ni'«ion of the constants in their equations 
have been gnen ehcwhere 

The linear and parabolic equations -were propo«ed by Pilling and Bedworth*® 
corresponding to porous and non-porous film growth Tammann and Koster-® 
expressed the logarithmic equation in the exponential form I = — A, where 

A and h are constants Vernon, Akeroyd, and Stroud2i were the first to express it in 
the form of Eq 3 abme The two expressions become equivalent when c of Eq 3 
IS made equal to 1 «o that y = 0 when < = 0 For thick, films, Bangham and Stafford's 
obtained an approximation to this equabon 

Effect of Temperature*^ 

The Arrhenius Equationt has been found in many cases to describe the change 
of rate with temperature Accordinglj if the logarithm of the velocity constant K is 
plotted with \/T, where T la the absolute temperature, a straight line is obtained 
(See Fig 3 The lattice transformation pre«umab!> accounts for the discontinuity 
m slope) There are some recorded instances, however, where this Imeanty does 
not apply -* 


The Electrolttic Theory of Oxidation* ast> Tarnish 

The electroljtic theorj', based larpel> on the work of Wagner ,2® proposes that 
oxidation and tarni'h are electrochemical phenomena It was once thought that 
oxidation and tarnish represented direct chemical reaction whcKC rate was controlled 
bj simple diffusion of reactant atoms (a^ bv Pick's Law) through a non-porous 
coiTO«ion-product film Experiment has shown, however, that reaction may occur 
oy melal tons diffu-ing outward through the film as well as b> the le<s frequent 
diffusion of reactant tons inward IVagner showed for example, that in the formation 
of silver eulfide on silver, the movement of silver through the tarnish lajer is more 
pronounced than movement of eulfur U«ually the diffu«ion of the larger of two ions 
involved in the reaction is negligible 

A growing film (Fig 4) can be compared to a current-producing cell with the metal- 
film interface (as anode) suppljing cations and electrons for outward diffusion and the 
attacking subotancc-film interface (as cathode) suppljing the anioas for inward 
diffusion The film acts as both the internal and external circuit of a closed cell Then, 


• This fection is by tbe Editor 
t Tbe Arrbeoius Equatioo is tbe /oUowvnc 

In K fW*®* Activation) 

where A >• specific reaction rate, 

a -• gas constant 
T ^ absolote temperature. 


Constant 


'*H. A. Miley. Tran* EUctTochrm Ser ,81, 391 (1912) U TL^T^oa.Corronon, Patnnlj aniProUciton, 
pp 121-128. Edward Arnold and Co , LoniloD 1937 

B Filling and R E Bedwortb,,r Jnrt J/efal»,29 334(1923) 

« G Tammann and W Rcater. Z anon, olfpem. Cfiem US, 216 (1922). 

ILJ Vcraon.E I Aberoid. and E C Strond.J In*l i/etolt, 6S, 301 (1939) 

D H Bangham and J Stafford, Aaftn-e, 119, S3 (1923) 

See also discussion by J S Duan, Free Roy Soe (A). Ill, 203 (1926), and by E A Gulbranssn, 
Trans FUelroefem Sot. 63 301 (1943) 

** C. A- Siebert and C Cpthegrovc, Trans Am Soe Vttalt 23 187 (193o) 

** B Lustman and R. Mehl T runs Am Jnsl iftntng Htt. Engri , 143 240-267 (1941). 

*®C Wagner.Z phi/ttJ. C4en>., 21B, 23 (1933), 32B, 447 (1936), 40B 455 (1938), (with K GrUnewald), 
Trans Faraday Soe , 34 851 (1933) 

See summary by L. F Pnee, Soe Chem. Ini , 66 7(X) (1937) 
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using Ohm’s Law: 


I = 


Eo 

R + r 


(4) 


where R = the electronic resistance of the film, r = the electrolytic resistance of 
the film, and Eo = the emf of the cell in volts as provided by the free-energy decrease 
of the film-forming reaction M+ -f X— = MX, where M is the metal and X is the 


CATHODE ANODE 



TTg. 4. A Cell Representing an Oxide or Tarnish Film on a Metal (M) Reacting 
with a Non-metal (X) as Follows: M -b X — » MX. 


oxidizing or tarnishing agent. The general equation expressing rate of film growth 
in terms of current I is 



(5) 


where y — film thickness, t = time, and 5 is a constant. 

Derivation of Parabolic Rate Constant.* The major triumph of Wagner’s theory 
was the successful calculation of oxidation and tarnish rates, using independent 
physical-chemical data. The following derivation of the rate constant is for the case 
where resistivity of the film is independent of the reactant pressure, and polarization 
effects can be neglected. 

Let K be the measured specific conductivity of the film substance and ni, na, and ns 
the mean cation, anion, and electron transference numbers, respectively. Let <r be 
the specific resistivity of the film substance. Then o- — 1/k. 

The Wagner cell comprises essentially an electronic resistance and an electrolytic 
resistance in series (Fig. 4). If represents the electronic resistivity and the 
electrolytic resistivity, the following relation holds for the oxidation tarnish cell: 

<r = <r, -I- p-i (0) 

In measuring the resistivity of the film substance, however, these two resistances are 
in parallel. Remembering that the transference number of an ion is the fraction it 
carries of total current I passing through the cell, and letting E be the voltage drop 

* This section is by the Editor. The derivation, wth slight modifications, is based on that given by 
T. P. Hoar and L. E. Price in Trans. Faradajj Soc., 34, 867 (1938). 
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across a centimeter cube of film substance produced by flow of such current, 
E a 1 

* n^l ng njic 

and 

E 1 


(wi + ^2)1 («! + n2)>‘ 


Therefore, from Lq 6, 


and, since Jij + na + ns = 1, 


naffti + nj)*: 

The total resistanci, if of a film having area A and thickness y is given by 


(7J 

(8) 

(9) 


n3(ni + nj)* A 

The rate of film gror\th must be equivalent to the current I flowing through the cell. 
Then, if to equivalents of film substance form in t seconds, 


u here F is the Faraday, or 


Idt , 


dw _/ ^ 

dt ~F~FR 


Egnsini + njlnA 

* iv 


(18) 

(H) 

(15) 


where Eo is the emf of the cell, the value of ttluch is derived either from potential meas- 
urements of appropriate cells or from values of free energy for the film reaction 
Equation 15 is equivalent to the equation 


dto _ kA 
dl y 


where k is equal to 


£'<,713(711 -hn2)ic 


A value of k for coppier oxidizing at 1000® C and lOO-mm oxj gen pressure was calcu- 
lated, making use of the following experimental data (nj + 712 ) = 4 X lO""*, k = 4 8 
ohm-cm, and Eo for the cell Ag(02)/borax/Cu20, Cu is 0 3G7 volt at 1000® C and 1 
atm , and calculated by Xernst's equation to be 0 311 volt at 100-mm pressure Tlie 
resultant calculated value of is 6 X 10"® eqmv sec'i, which is in excellent agree- 
ment with the value 7 X 10"®, as observed by FeitLnecht A similar calculation ap- 
plied to the reaction of silver ^^^th sulfur at 220® C gave a value for the reaction rate 
W reitkDecht. Z Electrochem 35 142 (1929) 86 16 (1930) 
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coa'it'int of 2 to 4 X 10“*’ equiv. cm“’ scc“i, as compared with the observ'ed value of 
l.G X 10“*’ equiv. cm“i sec“^. 

Equation 15 above ean be transformed into the familiar parabolic equation, letting 
,U represent the gram-equivalent weight of film substance and d its density. Then 


and 


yA d 


dw Ad dy 


( 10 ) 

(17) 


Substituting dy/dl for dw/dt in Eq. 15 and integrating, one obtains; 


y2 


2EoJis(ni + n2)KM 

— i + Con.st 

Fd 


(18) 


’■fuK Logatutiimic Equation 

Many metals oxidize according to tiic logarithmic rather than the parabolic equa- 
tion, c.'pcciallj' in the lower temperature range. Satisfactory reasons arc not known. 
Some attempts have been made to derive the logarithmic equation bj' introducing 
polarization effects into Wagner’s model,-® by assuming obstruction of diffusion paths 
in the film,-*' and by introducing quantum mechanical concepts of electron and ion 
emission from metal surfaces combined with the “tunneling ofTcct” across cnergj' 
barricr.s.*’*’ 


Equations Obeyed hy Turns 

In some cases film growth may obey each equation in turn. For example, the 
growth of a non-porous film ma.y follow OM (Fig. 5) while the linear law is obeyed, 
MF while the parabolic law is in control, and GQ after the conditions become 
favorable to the logarithmic law. It will obey neither law in the interval of 
transilion (F to G). 

In the tarni.=hing of silver*” by iodine dissolved in organic liquids, a straight-line 
relationship was approximated for thin films, and for films of greater thickness, the 
parabolic equation was obeyed in most cases. Still thicker films might possibly provide 
conditions favorable to the logarithmic equation. 

It has been shown**- that copper at ISO” to SOO” C (35G° to 572° F) can oxidize 
parabohVally and change to a logarithmic rate of growth.^ It is clear that such a 
parabola could not start at the origin .since this would require an infinite rate of 
growth at the beginning.t 

Equations Applied to Porous and Non-porous Films. The preparabolie period, 
Oti, may be greatly extended for porous films, and greatly suppressed for the more 
protective films. The critical thickness, represented by N, decreases rapidly with 

* In .such n cafe, tlic loRaritlimic equation is y = k loa {<i(t + t’) -t- 1], rvlicrc l' = Oh (Fip. .0), c liawnR 
been fet cqii.al to 1. 

t Tlic preparabolie curve is not always a straipht line, but it aluays baa a common tanpent with the 
Parabola at the point of transition M of Fip. 3. 

H. A. Milcy, Tran^. Elertrochem, Soc., 81, 391 (1012). O. II. Hamilton and II. A. Miley, Tram. Eltc- 
trorlrm. Sk., 81. -113 (1912). 

U, R, Ev.ans, Trons. Etcrfror/jcm. *S'cc., 83, 335 (1043). 

” N. Mott, T ron«. Vamtlny S(v., 35. 1175 (1939): 36, 472 (1940). B. Lustraan, Trann. Electrockem. rsoc., 
81. .TV) (1912). 

” U. II. Evans and I.. C. Bannister, Proc. Roy. Soc. (A), 125, 370 (1929). 

“ .\. I. Dichton and 11. .1. Milcy. Tran.'. Elcctrochrm. Soc., 81, .321 (mt2). 
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temperature and % anes with all the factors that affect the perviou«ne«s of the films 
At 80° C (176° D oxide films grew loganthmicallj^'J on monoerystalline copper 
be3ond about 40 A (40 X 10 *cm) and at room temperature^* films of almost 
atomic dimensions grew loganthmicallj on e\aporated copper specimens 



Fia 5 A Hypothetical Diagram Showing How a Metal Ma> Oudue or Tarnish so as to 
Obej the Three Equations by Turns 


PROTECTION AGAINST TARNISH 

In light of the eloctrohdic theory electronic conduction u es entia! to film growth 
Therefore films of 'cr. high cleclnc resistance should proiide good protection 
Accordingh films of alumina and berjilia dei eloped on siher or copper"^-* have 
jnelded a high meanire of protection against tami h The rapid oxidation of aluminum 
to a limiting thickness after which the film grows lery httle is possibly due to the 
1 ery high «pecific re istance of the film 

PASSIVITY 

H H T.HUO* and R B AlEiRst 
DEFINITION 

Pas'intj Is a property of a metal commonlj defined in two waj*s One of the«e is 
ba«ed on a change in the electrochemical behaiior of the metal and the other on its 
corro ion behaiior The«e definitions maj be stated as follow 

• CorT08 on Laboratory Department oIMetaHurgy Massachusetta Icet tute of Technology Cambridge 
^lass. 

tDe\elopment D ns oo AluBunum Companr of Amer ca New Kens ngton Pa. Present address Re- 
eearcb Laboratory Cameeie-Ilbnois Steel Cesp P (tsburgh Pa. 

Lu-tman and H. F Mebl Trans Am InsL Vin r 0 Uel Enors 143 246-267 (1941) 

** A. n, 4Mute and I. H Germer Trans EUeireehem Sae 81 30o (1912) 

“L.E PreeandG J Thomas J Inst, itetals 63 21 23 29 67 (193S) 

” i P Nfott Tmns Faradaj Soc. 3S 117a (1930) 
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Definition 1 . A metal active in the EMF Series, or an alloy composed of such 
metals, is considered passive when its electrochemical behavior becomes that of an 
appreciably less active or noble metal. 

Definition 2 . A metal or alloy is passive if it substantially, resists corrosion in an 
environment where thermodynamically there is a large free energy decrease associated 
with its passage from the metallic state to appropriate corrosion products. 

By either definition, to passivate a metal is to make it passive by either physical 
or chemical treatment. This may be accomplished, for example, by exposure to 
oxygen, to an oxidizing solution, or by anodic polarization. 

Definition 1 is more specific than definition 2 , the latter having the disadvantage of 
defining as passive many common metals like zinc and iron exposed to air or 
immersed in deaerated water. However, definition 1 does not cover all cases com- 
monly considered examples of passivity in which active metals prove highly resistant 
to corrosion. It approximates the classical meaning of passivity as first discussed by 
Schonbein and Faraday. The latter^ cautioned against confounding the particular 
state (passivity) of iron when it is inactive in HNO3 with the inactive state of 
amalgamated or pure zinc in dilute H2SO4. “The distinction is easily made,” Faraday 
stated, “by the contact of platinum with either in the respective acids,” the iron cell 
producing little or no current, whereas the zinc cell develops current normally 
associated with zinc. 

Despite this, the term broadened with use to include many cases of corrosion rate 
decrease without regard to galvanic potentials or anodic behavior. In many circles 
today, definition 2 is the one commonly implied. 

Cases under definition 1 include iron in contact with passivators, for example, 
solutions of HNO3 (sp gr > 1 . 4 ), NaN02, K2Cr207, Na2Fe04.2 Also included are 
practically all the transition metals of the Periodic Table and passive alloys, for 
example, the stainless steels. 

Cases under definition 2 include those of definition 1 plus a multitude involving 
chemical conversion coatings, such as lead in H2SO4, zinc or aluminum in Na2Si03, 
iron in cone. H2SO4, magnesium in H2O or HF (>2%), silver in HCl, etc. Also 
included are metals immersed in inhibited pickle baths and tarnished copper. It is 
generally accepted that examples of this category represent passivity in which rela- 
tively thick films afford physical protection in the manner of a paint film. Metals of 
this classification, in general, when passivated undergo only slight change of potential. 
A good example is the slight change in potential of iron whether immersed in an acid 
electrolyte or the same electrolyte containing a pickling inhibitor . 3 .“* In some cases for 
which data exist, e.g., silver covered with a AgCl film in dilute chloride solutions,-'’ lead 
covered with PbS04 in dilute sulfate solution or iron covered with Fe(OH)2 in 3 % 
NaCl free of dissolved oxygen,® the potential change is accounted for by Nernst’s 

J>'V 

equation for reversible potentials: E — Eo — — ^ In (ion activities). Potentials of 

nF 

metals under definition 1, on the other hand, undergo an appreciable change on becom- 
ing pa^ive, and are not accountable by the same equation. For example, iron in 

M. Faraday, Experimental Researches in Eleclricilij, Vol. II, p. 243, University of London, 1844. 

* L. Gmelin, Handbtich der anorgischen Chemict 8th Ed,, No. 59, Pt. A, pp. 279-298 (1929); 327—329 
(1930), Verlag Chemie. 

^ R. M. Burns, Bell Systevi Tech, J,, 16, 20 (1936). 

^ H. H. Uhlig, Jnd. Eng, Chem., 32, 1493 (1940). 

^ Lewis and Randall, Thermodynamics, p. 407, McGraw-Hill Book Co., New York, 1923. 

® Ibid., p. 422. 

^ R. M. Burns, Bell Sysitvi Tech, J., 16, 36 (1936). 

® H. Uhlig, N. Carr, and P. Schneider, Trans. Electrochem. Sov.^ 79, 111 (1941) 
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0 01 A' K 2 Cr 207 solution becomes over 05 volt more noble compared with its 
potential in tap water (See Pig 2, p 981 ) 

HISTORY 

The first recorded observation that iron is imattacked by cone HNO 3 is frequently 
ascribed to J Keir^^ m 1790 However, parallel observations were recorded by C F 
WenzePO in 1782 and by several others n 

The word passivity was first used by SchoDbem*^ jq 1836 to describe the behavior 
of iron immersed in cone HNO 3 or when anodieally polarized This peculiar inertness 
of iron in concentrated nitric acid has been the subject of much study and discussion 
up to the present time Hisinger and Berzelius*® were the first to point out that 
anodic polarization aided in the occurrence of passivity, while Wetzlar,*-* at an early 
date, emphasized the electrochemical nature of the process and the fact that there 
are seieral degrees of passivity Schonbem called this phenomenon to Faraday’s 
attention*® and subsequently Faraday*® made extended investigations along these 
lines 

Iron passivated by chemical media or by anodic polarization is only temporarily 
passive The fact that passu ity of iron is stabilized by alloying with 12% or more 
of chromium was accidentally discovered by H Brearley m 1912 and independently by 
B Strauss and E Maurer*^ It has since been found that other alloying constituents 
of iron such a* molybdenum or nickel can act similarly and that paseuity in copper-, 
nickel-, or cobalt-base alloys can also be either stabilized or increased through 
alloying 


GENERAL PROPERTIES OF PASSIVE METALS AND ALLOYS 

Passivity IS not an absolute property like melting point or heat of fusion A metal 
may possess variable degrees of passivitj The degree of passivity is measured by (1) 
galvanic potential* or (2) reaction or corrosion rate 

In general, oxidizing conditions favor passivity while reducing conditions destroy 
it or cause activity For example, anodic polarization passivates iron whereas 
cathodic polarization activates, or destro>s passivity m iron Reducing solutions m 
general act in the same manner as cathodic polarization Iron in contact with a more 
noble metal (corresponding to anodic polarization) is more easily passivated, but, 
m contact with a less noble metal, cathodic polarization occurs and passivity is more 
difficult or impossible to attain 

Halogen 10 ns, particularl> chloride ions, are destructive to passivity and usually 

* Only for metals and alloys passive by dr6mtion 1 A more noble potential of a metal can reeult from 
either passivation or from anodic polanzation tbrousb local action currents of a heterogeneous surface 
containing more-noble phases Adequate iDterpretation of potentiU measurements as evidence of passivity 
must take into account the latter possibility 

» J Keir, P/iil Trans , 80, 359 (1790) 

*® C F Wenrel, Lehre ion der VenrondicAa/f lier Ktrper, p 108, Dresden, 1782 

*‘SeeL Gmehn, J/andbucA der anargtsrAm CAenise, 8thD<La No 59,PartA,p 314 VerlagChemie, 1930 
C Schonbem, PoQg Ann , S7, 690 (1836) 

W IIiBicger and J Berzelius Cili Ann t7 275 (1807) 

•'GW etzlar, J Schw 49 470 (1827), 80 129 (1827) 

See letter from Schonbem to Faraday, published m PAil Mag , 9, 53 (1836) 

** M Faraday, Ezpmmenlal Retearchrt »n Eiecfruifv Vol XI. P 243, University of London, 1844. 

** E Thum TIte Book of StatnUt* SlteU,2ial'Bd pp 1—5 Amencan Society for Metals 1935 
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•should be avoided whenever it is essential that passivity be retained. In metals or 
alloys stable with respect to passivity in air (e.g., chromium, aluminum, or stainless 
.steels) pas.^ivity is broken down by chloride ions at points or local areas. The local 
areas of active metal become anodes in cells, the cathodes of which are large areas 
of passive metal. The considerable emf of such cells produces active corrosion at the 
anodc.s causing pitting. (See Pilling in Stainless Sleds and Other Passive Melals, 
p. 165.) With metals that are amphoteric, like aluminum or zinc, alkaline .solutions 
can also dcstro 3 " paasivitj-. 

Elevated temperatures are destructive to passivity (below 100° C for iron in nitric 
acid). Magnetic fields are reported to destroj’ passivity, but the experimental evidence 
is inconclusive since the magnetic fields often induce secondary effects that are 
damaging, such as increased temperature (for varjdng fields), mechanical shock, or 
physical effects due to magnetrostriction. 

THEORIES OF PASSIVITY 
Generalized Film Theory 

Many theories of passivity have been proposed. The earliest seems to be 
Faraday’s,^® who apparently considered the passivity of iron in nitric acid to be 
attributable to the formation of an o^d^ film. For instance, he states: "Why the', 
superficial film of oxide which I suppose to be formed when the iron is brought intoj 
the peculiar state bj' voltaic as-sociation, or occasionallj' by immersion alone into' 
nitric acid, is not dissolved by the acid, is, I presume, dependent upon the peculiarities 
of this oxide and of nitric acid of the strength required for these experiments; ...” 

This oxide film theory of Faraday’s has been generalized and, as the so-called film 
thcoty, is the one most widely held at the present time. Evans’!> has stated it as fol- 
lows: "Most cases of pa.ssivity . . . appear to be attributable, directly or indircctlj' to a ; 
protective film, although not alwnj’s an oxide film.” Similar views have been expre.ssedi 
by Hedges, 20 by Glasstone,2i and by Mears.22 Hedges states: “During the last few 
years, the production of protective oxide or similar films has come to be regarded j 
almost universally as the true cause of all types of paseivitj'. . . .” Glasstone writes as 
follows: . . if iron is placed in nitric acid, there will be rapid attack at first . . . 

with the result that a thin adherent film of ferric oxide, or a basic salt, is formed 
which protects the metal from further attack. The pas.sivity produced in certain 
metals, particularly the chromium-iron alloj's, e.g., stainle.'s steel, on exposure to 
air, is probablj* also due to similar oxide films.” 

This generalized film theoty embraces the special cases where a film of oxwgen 
rather than oxide causes passi-vifjL Langmuir22 pointofl out that a film of adsorbed 
oxygen on tungsten does not react with hj’drogcn at as high a temperature as 1200° C, 
although (he compound WO.a is reduced bj’ Hg at 500° C. If the adsorbed film was 
we.akened by evaporation or through reduction of oxygen pressure in the space 
.•surrounding the tungsten, gaps occurred in the adsorbed layer, and hj-drogen stiddenly 
and rapidl.v reacted with the oxygen. The mechanism for the inertness of adsorbed 
oxygon was ascribed to satisfaction of valence forces b\' the surface atoms of tungsten. 
The mechanism of passivity in metals like chromium was thought to be similar. 

’* M. Farnd-iy, Experimental Eesenrehen in Elertricity, Vol. II, p. 2-13, Univenity of London. lS-14. 

’’ U. R. Evans, Melallie Corroeion, Parririlu and Protection, p. -J, Edward Arnold and Co., London, 1937 , 

^E. S, Ilcdccs, Proteetire Filme on Metnh, p. 112, D, Van Nosirand Co., New York, 1937, 

S. Gla-ssfone. Text Pool: oj Ph.y’ienl C'hrmi’tn/, p, 1011, D. Van Nostrand Co.. New York, 19-10. 

“ R. B. Mcars, Trane, EUetroehem, Foe,, 77, 2SS (1940). 

“ I, (.anamuir, J, dm. Chem. Soc., 38, 2273 (1910; Tran*, Eleetrochem. Soc., 29, 2G0 (1910, 
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Tammann^^ later suggested that a film of adsorbed oxygen, rather than the oxide, 
IS responsible for the pas«ivity of iron, nickel, cobalt, and chromium 

Several other theories ha\e been proposed, 2'* most of them m opposition to the 
oxide film theory A recent theoiy that attempts to correlate and combine many of 
these with some aspects of the generalized film theory is discussed next. 

The Electron Configuration TaixiRT 

The fir«t quahtatne suggestion of a relation between electron configuration of 
atoms and pas•^l\lty was made bj KusselP* (1925), also by Swmne^i (1925) and 
Sborgi^s (1925) A theory accounting quantitatu eb' for critical passuity concentra- 
tioiL» in allojs was outlined bj Uhlig and WulfPa m 1939 and extended by Uhlig^o 

The latter theory, called the Electron Configuration Theory,®^ centers about 
the fact that metals pas'ne acconling to definition 1 are Urgelj those m the transi- 
tion groups of the Periodic Table The atoms of the'se elements according to the 
electron theory of metals (eg, chromium, nickel, cobalt, iron, molybdenum, and 
tungsten) are characterized by incomplete inner shell Ul electron) energy lesels and 
^ by unfilled d energy bands in the metallic state The Electron Configuration Theoiy* 
assumes that the«e unfilled energy states tend to fill with electrons m the same sense 
that clo«ed atomic shells are the tendency in chemical compounds. The state of 
pasuMt> IS ascribed to the condition of unfilled d bancL m the metal or alloy, and 
the actue state to the situation that, in effect, fills the d band with electrons Thus 
(adsorbed oxygen or adsorbed oxidizing substances a.ccompany maximum passivity 
/because they are electron absorbers with no tendenej* to supply electrons to atoms 
of the metal surface On the other hand, interstitial hydrogen (by pickling or cathodic 
polarization) or certain cla^ccs of alloying elemeots in adequate concentration supply 
electrons and thereby favor the aclne o\er the pa.'ssne state 

In Cr-Fe allots (stainle«s steels), for example, the con-tituent chromium is naturally 
passne and is considered to impart this property to iron b> electron sharing rcculting 
from the strong tendency of chromium to alteorb electrons Iron can apparently be 
transformed to the passive state by sharing of at least one extra electron per iron 
atom This a«sumption is supported by* the fact that active iron as anode in an 
electrolyte, eg, sodium sulfate, corrodes as Fe**-*, but from stainless steel m which 
iron is passive, it corrodes with one electron le«s, namely as Fe‘''++. Chromium with 
5 vacancies in the 3d shell of the atom has a corresponding number of vacancies in 
the 3d band of the metal With a stronger tendency than iron to absorb electrons, 
it can share at least 5 electrons or can passivate 5 iron atoms This proportion corre- 

** G Taminann Z anerff CAm . 107 lOt 236 (1019) 

“ ‘ The ReacUon % elocity Theory’ Le Blanc Ltkrc itr EUktrocheTMt, 6tli Ed , p 299, Leipzig, 1914 
O Satkur, Z EUktrochtn , 10 841 (1904) 1*. 637 (190$) 

' The Hydrogen Solution Theory ’ E Greve,^ pAy* CA«jn,77 513 (1011) O Schmidt and IV Rathert, 
Tram Faraday Sic 9 2o7 (1914) E Mofler.Z pkj» Chem (A). 181 No 2,89 (1937) E Mliller and 
\ Cupr, Z EUUrochtm , 43 42 (1937) 

‘ The Allotropio Change Theory' F SchCnbein, Pogo , 44, 70 (1838) F Finkleetem, Z phys 
Chem , 39 91 (1902) A Smite and A Alen, Z p4y« CA«m , 90, 46 (1915) A Smits Theory of Allotropy, 
Longmane Green and Co , New York, 1922 A Smiis, TVont Faraday Soc , 19, 772 (1924) 

”A Russell, JVature 115,455 (193j) 117,47 (1926) A Russell, D E^Bn3 and S Rowel), Z Cfcwi 
Soc. 1926. 1877 

*''R. Swanne, Z EUUroekem , 31, 422 (1925) 

« U Sborgi. AU\ Unen (6), 1, 315 38S (1923). Gaxz . 96 o32 (1920) 

II II Uhhg and J Wulfl Trane Am Jnet Umng Met Znprs . I3S, 494-521 (1959). 

” H n Lhlig, Trans EUcIrocfem Soe , 85 307-318 (1944) 

” For cnticism of the theoiy, see discussion of papers footnotes 29 and 30 Also R I.andau. Trane Elec- 
Iroeine Eoc , 81, 5o9 (1912) and V. TL Fvaita, Traite Feraiay Soe , 40 129 (1944) 
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spends to 16.7 atomic per cent or 15.7 weight per cent chromium which is in satisfactory 
agreement with the observed critical minimum amount of chromium (about 12%) 
necessary to produce so-called stainless Cr-Fe alloys. If iron is alloyed with chromium 
in amount greater than about 84 to 88 atomic per cent, the available electrons ollj 
iron more than fill the d band of the alloy, with the result that the alloy is no longer!' 
passive.! 

The mechanism for the ennobled potential and reduced reactivity of passive metals 
and alloys is considered to reside largely in the surface-metal atoms, although in 
alloys electron interaction (sharing) between components enters as a major factor 
in determining passivity, and this occurs throughout the metal. It is the electronic 
configuration of the surface metal atoms, however, that in final analysis determines 
whether an approaching substance capable of reaction will react or not. If it reacts, 
a protective layer of reaction product may form on the surface, accounting for 
passivity by definition 2, but not for the passivity with which the Electron Configura- 
tion Theory is concerned (definition 1). If the substance does not react, it will i 
adsorb on the metal surface because of existing affinities. In so doing it satisfies I 
secondary valence forces of the metal surface and displays in itself considerably less . 
chemical affinity for substances impinging on the adsorbed layer. The metal surface ' 
is therefore less reactive and by this mechanism is considered passive. This explana- > 
tion is similar to that proposed by Langmuir for the chemically inert behavior of 
ox 3 'gen adsorbed on tungsten. 

Many substances aro capable of activated adsorption on metals and hence each can ! 
produce some degree of passivity. Oxygen is one of the most common, but, with i 
some metals, H 2 O very likely can also function. Carbon monoxide adsorbed on 18-8 , 
stainless steels is effective in this respect even in hydrochloric acid where adsorbed 
oxygen fails.32 

; The condition that determines whether a substance capable of reaction will react 
or adsorb appears to be related to the work function (w.f.) of the metal (a measure 
of the heat of evaporation of electrons from a metal) and the heat of sublimation 
(AH,) of the metal.33 When oxygen, for example, approaches a metal surface 
it will either extract an electron from the metal surface and become adsorbed, or a 
metal atom will be dislodged from its position in the lattice to form an oxide. The 
preferred process is that requiring approximately the lesser amount of energy, or 
more accurately the gi'eater decrease of free energy. Hence, since the state of adsorp- 
tion corresponds to passivity, the condition for passivity is approximately given by: 

w.f. , , r • , 

— — - < 1 and for reaction by > 1. 

8 

The reasonableness of this relation is shown in Table 1. Of the elements for which 
data exist and that are recognized as being passive by definition 1, the calculated 
ratios of w.f./AH, are largely equal to or less than unity, whereas other elements, not 
passive b 5 '’ the same criteria, have ratios greater than one. 

\/^Alloying, which affects both the work function and the sublimation energy, can 
induce passivdty or activity, therefore, depending on the approximate ratios of these 
quantities at any alloy composition. It is by this general outline of corresponding 
properties that the electron configuration of the allo 3 dng elements is thought to 
determine the nature of metal surface behavior. 

v^A'ceording to the Electron Configuration Theory, therefoie, metals passive by 

“ H. Uhlig, Ind. Eng. Chem., 32, 1490 (1940). 

H. H. Uhlig, unpublished 
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stabilize passivity of iron in the atmosphere and in water, but in non-oxidizing acid 
salt solutions, such as FeS 04 , the critical concentration may shift to 15 or 20% 
chromium. Furthermore, the alloj’- is not passive in hydrochloric acid, no matter 
how high the chromium concentration. 

Tammann^J differentiated between parting limits (see p. 118) characteristic, for 
example, of Au-Ag alloys, and passivity limits or critical alloy concentrations for 
passivity. He considered the phenomena not the same. The correspondence pointed 
out by others between critical alloy composition for passivity and the n/8 rule 
previously suggested by Tammann^'’ for parting or reaction limits was attributed to 
coincidence. 



Fig. 1. Potentials of Cr-Fe Alloys. (According to H. Uhlig, N. Carr, and P. Schneider 
Trans. Elcctrochem. Soc., 79, 111 [1941].) 


.4 similar shift of potential occurs at 12 to 16% Cr in 1 Af FeSOi (B. Strauss, Slahl u. Eisen, 45, 1201 
[1925]) and above 15% Cr in 0.1 N H 2 SO 4 (G. Tainmann and E. Sotter, Z. anorg. Chem., 127, 257 [19231). 

Five electron vacancies in the 3d shell of chromium permit 1 chromium atom to share a maximum of 1 
electron each from 5 iron atoms. Predicted minimum chromium content for passivity is at 16% atomic per 
cent or 15.7 weight per cent Cr. 



ORY OF PaSSHYTT IN ALLOTS 


Since the advent of the Cr-Fe stainless steels, the mechanism of passiidty in the 
many passive alloys has commonly been attributed to ajwotective oxide film. The 
effect of alloying chromium with iron is considered by some to impart to the alloj' 
an impermeable, tenacious film of oxide similar to that hj^pothesized for pure 


^ G. Tammann, Z. anorg. Chem., 169, 151 (1928). ^ 

G. Tammann, Lekrhitch der Metahlrunde, 4th Ed., p. 440, L. Voss, Leipzig, 1932. 



28 CORROSION THEORY 

chromiiua Tammann’’ and others ascnbed passi\it> of 'tainless steels to a lajer 
of oxjgen rather than oxide 

The neirpoint of the Electron Oinfiguration Theory with respect to passivitj in 
Cr Fe alloj ha= alreadj been dirfussed The potential bebaiior of these alloj-s and 
the effect of jnter*titial hj drogen as shown m Fig 1 are accounted for by the theory 
Figure 2 presents corrosion data cbaracterutic of the Cr Fe alloj-s illi^trating that the 
cntieal minimum cl romium concentration for passnity as measured by corrosion 



Fig 2 CoiTO«ion of Cr Fe AHo 3 « m lotemiitteat Water Spraj Room Temperature 
fW G TThitman and E Chappell /nd Eng Chem 18 533 1926 ) 

A similar corronon mimmum occui» for 30% nitnc ac d between 8% a»d 18% Cr dependine on the 
temperature (J Xlonypenny Sintnien Irvn and Sled P 318 Chapman and Hall London, 1931) but no 
TTHTurmTTn OCCUTB fOr UCl Ot H ®0< 

Predicted tnimmum chromium content lor passTity is at lo 7% Cr 

rate is aLo at about 12% chromium 

The theory has been successful in accounting for pas^mty in «eieral other allot 
Ft stem-, starting with the atomic configuiations of the constituent atoms and 
n. - limin g a mechanism of electron ^hating as in etamless steeU The potential 
behanor of Mo-Fe allots (Fig 3) has been considered in thi^ light as hate corro'ion 
data of the three-component AIo-\i Fe (Fig 4) The critical nickel content 

of Ni Fe allo33 is predicted to occur at 34% nickel (33% atomic per cent) wherea* 
data m dilute «ulfuric acid show a pasene limit at about 40% mckel (See Fig 5 
ako Fig 1 p 19o) This agreement la considered 'ati factory The maximum iron 
content permitting retention of corrosion re^i'tance m a Mo-Aii Fe aUoy containing 

G Tunm&nn SUM u Eiten 4S sTZ (19^) 
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Fig. 3. Potentials of Mo-Fe Alloys in 0.1 N H 2 SO 4 . (According to G. Tammann and 
E. Sotter, Z. anorg. Chem., 127, 257 [1923].) 


Five vacancies in the 4d shell of molybdenum permit 1 molybdenum atom to share a maximum of 1 
electron each from 5 iron atoms. According to the phase diagram, a solid solution phase exists up to 9 weight 
per cent molybdenum (5.5 atomic per cent). It contains less than the critical amount of molybdenum; 
hence it is not passive and, in turn, imparts activity by galvanic action to the two phase-region t)elow 55% 
molybdenum. Above 55%, a compound containing more than the critical moly'bdenum content in contact 
with a solid solution phase, essentially all molybdenum, accounts for passivity in this region. 

Predicted minimum molybdenum content for passivity is at 55 weight per cent. 



Fig. 4. The Corrosion Rates of Mo-Ni-Fe Alloys in 29.8% H 2 SO 4 at the Boiling Point as 
Affected by the Ratio of Mo to Fe. (According to M. Schmidt and L. Wetternick, Korrosion u. 

Metallschutz, 13, 184 [1937].) 

Five vacancies in the id shell of molybdenum indicate that one molybdenum atom can impart passivity 
to five iron atoms in solid solution alloys. 
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20% njoljbdenum is predicted to be 35% Confirmation is obtained by data of 
Fig 3, p 296 in dilute =u!furic acid which <=how that the maximum occurs at 30% iron 
In the Cu-Ni sjstem magnetic and specific heat data lead to the conclusion that 
the d band of electronic energj )e\el3 for the alloy is filled at 60 atomic per cent cop- 
per and abo% e Paa-mty therefore according to the theorj should be a property of 
allo3S containing 40% and more of nickel Pitting a result of passu e-active cells, 
and biofoulmg data m "ca water (Fig 6) (restricted release of toxic copper ions by 
passu e allojs encourages fouling) as cMdcnce of the passu e state confirm this 
predicted critical composition 



Fig 5 Corrosion of Cast Ni-Pe AI1 o>-b in 10% Sulfuric Acid Room Temperature (Accord- 
ing to Y UtidaandM Saito, Reports, Tohoku Imperial Umiersitj , 14 295 [19251 ) 

Two vacancies in the 3it shell of nickel pertmtl nickel atom to- share a maximum of 1 electron each from 
2 iron atoms 

Predicted mi nnmim mckel content for psssiTit} is at 3314 atomic per cent or 34 weight per cent. 

'^-'THEORY OF PASSIVATORS 

Pa^vators are a special class of inhibitors of corro'ion («ee Inhibitors and Pas- 
ntafors p 905) In low concentrations they appreciably change the gah anic potential 
of a metal in a more noble direction Pota&uum chromate added to coolmg waters 
i3 an example 

Figments used m pnming-paint coats usually contain pa^nvators Zinc chromate 
is one 'ueh pigment, largelj insoluble, but soluble enough in water diffusmg through 
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the paint film to bring an appreciable concentration of chromate ions to the metal 
surface. This small concentration passivates the base metal. An appreciably less 
soluble chromate, for example lead chromate, docs not have this property. 

The action of chromate ions, from one viewpoint, is to form a thin protective film 
on the surface composed of an insoluble iron compound such as iron chromate or 
a ferric-chromic oxide mixture (see p. 9). According to the Electron Configuration 
Theory, chromate ions form an adsorbed layer on iron. The chromate film shares 



Fig. 6. The Behavior of Cu-Ni Alloys in Sea Water. (According to F. L. LaQue, J . Am. Soc 
Naval Engrs., 63, 29 [1941] [and with W. Clapp] Trans. Electrochcm. Soc., 87. 103 [1945].) 

The overall region where maximum pitting und biofoultii;^ occur is evidence of the passive state. The d 
band of the alloy, as indicated by physical data, is filled at CO atomic per cent copper or unfilled at 40 
atomic per cent nickel and above. Predicted minimum nickel content for passivity is at 40 atomic per 
cent or 38 weight per cent. 

electrons from surface iron atoms and satisfies secondary valence forces, but does 
not disrupt the metal lattice; wherefore the metal surface is less reactive and is more 
noble in the galvanic series. 

Red lead in priming coats is also a passivator.38 Chemically speaking, it is plumbous 
orthoplumbate so that the passivating ion analogous to Cr 04 — is probably 
Pb 04 ='“. The mechanism whereby it passivates iron may be considered to be the 
Same as that of chromates. 

Sodium nitrite used as a passivator in oil pipe lines (see p. 914) renders iron several 
tenths volt more noble than iron in distilled water or in a similar concentration of 
sodium nitrate.3*^ The nitrite ion is oxidizing in nature and hence acts like chromates 
or other oxidizing passivators to reduce corrosion. 

R. Burns and A. Shuh, Protective Coatings for Metals, p. 30G, Reinhold Publishing Corp., New York, 

1939. 

H. H. Uhlig, unpublished observations. 
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Passivators for stainless steel', among which are Fe+++, Cu++, NO-j”, appreciably 
reduce corrosion of the'e alloys in sulfunc or nitric acids By the chemical film 
theory, they are considered to form or alter the protective oxide or other-type com- 
pound surface layer According to the Electron Configuration Theory, these ions 
absorb or share electrons from the surface metal atoms whether or not an oxide layer 
IS present, thereby reducing the tendency for hydrogen to eater the lattice to destroy 
passivity At the same time they are probably adsorbed on the surface, and in this 
state reduce reactivity of the surface metal atoms in the same manner as does 
adsorbed oxygen when stainless steels are exposed to air 


GENERAL DISCUSSION OF PRESENT THEORIES OF PASSIVITY 
The Generalized Film Theory and the Electron Configuration Theory of passivity 
have much in common, and it is more than probable that they are different expres- 
sions of the same basic idea Adherents of the film theory generally admit that the 
electron configuration of the metal or alloy must affect its corrosion iiehaMOr, just 
as it IS considered to affect the other chemical properties Cathodic hydrogen is 
considered to be an activator by either theory However, according to the film theory 
its action IS by direct reduction of the protective film whereas, according to the 
Electron Configuration Theory, it first adsorbs on or dissolves in the metal and 
changes the electron configuration of the metal atoms, which, m turn, alters the 
nature of adsorbed surface films 

Chloride ions destroy passivity according to the first theory by penetrating pores of 
the film or colloidally dispersing it, whereas, according to the second theory, these 
ions preferentially adsorb at favored areas and alter the electron configuration of 
metal atoms on the surface so that reaction can occur 
The Electron Configuration Theory m its present form applies only to instances 
of passivity listed under definition 1, which with few exceptions involve the transition 
metals and their allots Aluminum is the ouManding ea«e of a non-transition metal 
that fits into this definition of passu ity, but as > et it does not find an adequate place 
m the theory This is not surprising in view of the fact that aluminum, as Hume- 
Rothery expresses “possesses many abnormal properties," and little is known 
ibout jts electronic structure in the metal lattice U R Eians pointed out ^2 a 
similarity of aluminum to the Iran^tion metals in that both resist anodic corrosion 
He suggested that the partial ionization of the aluminum atom m the metal lattice, 
as for the transition elements, may contribute to this behavior In other words, the 
electronic structure peculiar to alummum as well as the nature of the protective 
oxide film appear to play a part in its corrosion behavior 
All cases of passivity which fall only under definition 2 are adequately explained, 
for the most part, bj the ph>«ical protection of metal oxides or other type chemical 
compounds • Any change in surface chemical forces or secondary valence forces of 
the metal by these films is considered to be relatively unimportant, whereas for the 
metals under definition 1, whether or not such chemical compounds cov er the surface, 

• An exception is the relative inertneas ol pore or amalgamated ainc in dilute sulfunc acid passive by 
dehmtion 2 The him which stifles reaction in this case la supposedly an adsorbed hydrogen layer 

J n G Monypenny, Slainlets Iron ond Sted pp M3-373, Chapman and Hall, London 1931 
W Hume-Rothery, The Structure of Metal* ond AUogt, p 20, Institute of Metals Monograph usd 
Report Senes No 1, 1936 

^ U R Evans Metallic Corrosion, Passinty and I^otecben, p 357, Edward Arnold and Co , London, 
1937 
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the alteration of valence forces by adsorbed films, sometimes aided by alloying 
elements, is of first importance according to the Electron Configuration Theory. 

! The generalized film theory, therefore, is a satisfactory working theory for all cases 
I of passivity. The Electron Configuration Theory supplements this by dealing more 
* specifically with the details of mechanism in one group of passive metals and alloys 
' (definition 1), about which most of the lengthy discussion of passivity in the past years 
' has centered. 


EFFECT OF CRYSTAL ORIENTATION ON CORROSION 
Allan T. Gwathmey* 

INTRODUCTION 

A metal surface is a complex of crystal faces, edges, corners, boundaries, and 
disturbed layers. The properties of a surface are a composite of the properties of 
these many types of structure. In order to understand the behavior of a metal, 
therefore, the properties of these different surface structures must be understood. 

Although it is impossible at the present time to predict in advance the crystal 
face which under a given set of conditions will be the most resistant to corrosion, 
a knowledge of the principles and experimental facts bearing on the effect of crystal 
face is helpful in obtaining a better understanding of the mechanism of corrosion. 

Peinciples Involved 

The driving force of a reaction is dependent on the change in free energy in going 
from the initial to the final state. Since the arrangement of atoms in a surface varies 
with the crystal face, the free energy of a solid surface varies with face. The free 
energy of a surface also depends on the medium in which it exists. Calculations 
made of the free surface energy of several ionic crystals^ and of tungsten^ indicate 
that the ratio of free energies between two faces may in some cases be as high as 
a factor of 5. 

The many varied crystal forms in which solids exist as a result of growth and of 
etching suggest that the free energy varies with face. Contact potential,® thermionic^ 
and photoelectric® emissions, and rupture strength® have been found to vary with face. 

Free energy changes influence the forms which crystals will attain only when 
equilibrium is reached. In most cases the time required to establish this equilibrium 
is so long that the form having the lowest energy is not always reached in practice. 
The speed with which a reaction takes place is dependent on the energy of activation, 
which is the energy barrier through which the reactants must pass. There are few 
theoretical calculations of the energy of activation; however, in the adsorption of 
hydrogen on nickel the energy of activation has been shown mathematically to be a 
minimum for the (110) plane,’’’ and therefore the rate of adsorption should be greatest 

* School of Chemistry, University of Virginia, Charlottesville, Va. 

’ J. E. Lennard-Jones and P. A. Taylor, Proc. Roy, Soc. (A), 109, 476-508 (1925); G. E. Boyd, “Surface 
Chemistry,” Publication 21 of the American Association for the Advancement of Sn'ence, 128-140 (1943). 

* K Smoluchowski, Phys. Rev., GO, 661-674 (1941). 

^ H. E. Farnsworth and B. A. Rose, Proc. Nat. Acad. Set., 19, 777-780 (1933). 

* R. Smoluchowski, Phys. Rev., 60, 601-674 (1941). 

® H. E. Farnsworth and R. P. Winch, Phys. Rev., 68, 812-819 (1940). 

' F. Seitr, The Physics of Metals, pp. 105-107, McGraw-Hill Book Co., New York, 1943. 

^ G. Okamoio, T. Horiuti, and K. Hirota, Sci, Pap. Inst, Phys. Chem. Res., Tokyo, 29, 223 (1936)* A. 
Sherman and H. Eyring, J. Am. Chem. Soc., 64, 2601-2675 (1932). 
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on this plane In agreement it has been found experimentall> that the rate of 
catabtic reaction between hjdrogen and ethjiene on nickel films is greatest when 
the (110) plane of nickel is parallel to the surface* Thus for adsorption it is expected 
that the free energj change which determines the equilibrium and the energj of 
actnation which determines the rate will \ary with crj«tal face 


EXPERIMENTAL EVIDENCE FOR THE VARIATION OF CORRO'^ION 
WITH CRYSTAL FACE 

The most striking evidence for the xanation of corra'iDn rate with crystal face is 
obtained in experiments with large single crjstala on which the different faces are 
easih identified A sphere is the mot comement form for the cr>«tal since all 
pCL«ibIe faces appear parallel to the •'urface at <50ine point on the «phere XJ'ing 
interference colors^ to and elhpticity of polanzed hghttt as a measure of the thickne s 
of oxide films it has been found that the rate of oxidation of copper crjstala in air 
01 er a temperature range of S0*-5o0® C(175* I020®F) \anes greatly with face the 
sat.\Q of the talos. fox two facfc. “oxne. oostft being as high, as 35 The face of 
greatest rate ^ aries among m\ e'tigators po&>ibly owing to different methods of 
preparing the surfaces The rates of oudation of iron nickel lead and zinc crystals 
in air at elei ated temperatures also vary xnth face t2 

The accelerat on of corro. ion in aqueous media due to the presence of oxigen has 
been shown to larj with face For example when a single-crjstal sphere of copper 
IS immcr«ed m water at room temperature through which carbon dioxide and 
hj drogen are bubbled and air is excluded no etching takes place hen carbon 
dioxide and air are passed through the water definite cr> tal facets parallel to the 
(111) planes are dei eloped lo certain regions Copper la a) o preferential!} etched at 
room temperature b} acetic acid containing disrobed air while no appreciable etching 
takes place when air is excluded and an atmosphere of b> drogen maintamed 
Oxidir ng acids «uch as dilute nitnc acid etch copper preferentiallj with face The 
relatiie rates of etching on xanous faces of copper crj^tals b} acids containing 
hjdrogen peroxide are giien in the table below the rate of attack on the (111) face 
being taken as umtj ** 


RELATIVE RATES OF CORROSION OF DIFFERENT FACES OF 
COPPER CRYSTALS 

CruOal Fact 
(III) (100) 

03 VHCl — 01 X DiOj 1 0 90 

03A^Ae«tcacd — OIAfl&O* I 0 90 

03A Preponcand — 01 X 1 128 


( 110 ) 
1 0 

0 55 

1 33 


For iron crj'^tals a slight preferential etching takes place with acetic acid m an 
atmosphere of hi drogen but m an atmo-phere of air the rate 13 great!} increased 
Iron Is etched preferential!} bj mine and suUunc acids Both alkalies and salts hai e 


*0 Beeck A. E. Smiih and A TTbetln Proc Roj Soe (A) 177 62-90 (1940) 

• G Tammann J IniL MeUtit 44 29-73 (1930) 

A. T Cwathmer and A F Bentos / Phja CAem 46 969-980 (1942) 

“B LustmaaandR F Mehl Trant Am Ind Vtnxn^ Vtt Engrt 143 246-267 (1941) 
“E.F Mehl and E L. McCandJea* Trant Am Iml Mtn ng MtL Engrt 125 531 (1937) 

** A. T Gwathmey and H Le dheiaer onpul^islied result* 1942 1944 
*‘A,T Gwathmey andA F Benton Tran* Electrodtem- Sot 77 211 2^ (1940) 

“ R. Glanner and R. docker Z Knti SO 377 390 (1931) 



EFFECT OF CRYSTAL ORIENTATION ON CORROSION 


35 


been found to etch metals preferentially. For example, a 10% solution of sodium 
hydroxide produces hexagonal pits on the basal plane of a zinc single crystal. A 
strong solution of ammonium persulfate in 15 hr converts a cylindrical crystal of 
copper into a twelve-sided prism with sides parallel to the (211) planes.^® Hot 
lubricating oils in an atmosphere of air etch many of the common metals prefer- 
entially with crystal face, and hot gases reacting on metal surfaces often cause 
rearrangements with the development of special facets.!'^ The electrodeposition of 
copper on a single crystal of copper and the electroetching of a single crystal of 
copper vary greatly with face at low current densities.^® 

It appears probable that all surface reactions between crystalline solids and liquids 
vary preferentially with face if the reactions are made to proceed slowly enough. 
Where the rate of etching is great, the tendency of the various faces to react prefer- 
entially may be hidden; for rapid diffusion at the sharp projections produced by 
preferential etching will increase the attack at these points, and slow diffusion in 
the valleys will decrease the attack there, the overall result being to produce a 
smoother surface. Thus copper may be electrolytically polished at high current 
densities, and a fairly smooth surface may be obtained by treating copper with 
concentrated acids. Fitting the reacting molecule structurally into the lattice of the 
solid surface seems to play an important part in surface reactions, because a certain 
critical angle between the facet developed by etching and the geometric surface of 
the solid is often required. 

Since the shearing of metals varies greatly with crystal plane, the opening up of 
large cracks along slip planes, into which reacting gases and liquids may diffuse, is 
a factor which varies with crystal face and may affect corrosion jatigue. Most of the 
evidence, such as the above, for the variation in reaction with face has been obtained 
with large single crystals, but similar results are obtained in the case of polycrystalline 
materials when care is taken in the preparation of the sm-face. The differential etching 
of ordinary metallographic specimens of pure metals for examination under the 
microscope is an example of the effect of grain orientation on chemical attack. 

There are several methods whereby the orientation of surface crystals in a poly- 
crystalline material might be controlled in order to obtain the most resistant surface 
to corrosion. Mechanical working and the addition of special agents in electro- 
deposition^^ produce an orientation of surface crystals. For example, in the electro- 
deposition of copper, the addition of thiourea to the bath produces an orientation 
of the surface grains with the (100) faces parallel to the surface .20 Sufficient studies 
have not j'et been made on the control of orientation and its effect on corrosion in 
order to make practical use of these possibilities. A few studies have been made .21 

C. H. Pesch, The Chemistry of Solids, p. 74, Cornell University Press, Ithaca, N. Y., 1934. 

A. T. Gwathmey and H. Leidheiser, unpublished results, 1942-1944. 

A. T. Gwathmey and A. F. Benton, Trans. Electrochem. Soc., Tl, 211—222 (1940). 

’°C. S. Barrett, The Structure of Metals, pp. 381-442, McGraw-Hill Book Co., New York, 1943. 

^"F. L. Clifton and W. M. Phillips, Metal Finishing, 40, 457 (1942). 

V. Caglioti, Atti IV congr. naz. chim. pura applicata, 442-446 (1933); R. Glauner and R. Glooker, Z. 
Metallhunde, 20, 244-247 (1928). 



CORROSION IN LIQUID MEDIA, THE ATMOSPHERE, 

AND GASES 



ALUMINUM AND ALUMINUM ALLOYS^ 

R. B. Mears* 

Alloy 2S, sometimes known as commercially pure aluminum, contains about 
99.0-99.3% aluminum. The rest of the alloy is made up mainly of iron and silicon 
with minor' amounts of copper. Purer aluminum, containing up to about 99.95% 
aluminum, is also available in some quantity, and ^ small amount of very pure metal, 
over 99.99% aluminum, has been produced by electrolytic refining. 


Table 1. THE COMPOSITIONS AND MECHANICAL PROPERTIES OP 
SOME WROUGHT ALUMINUM ALLOYS 


Alloy and 
Temper 

Composition 

Typical 

Tensile 

Strength,* 

psi 

Typical 

Yield 

Strength,* 

psi 

Typical 
Elongation,* 
% in 2 in. 

2S-0 

“Commercially pure" aluminum 

13,000 

5,000 

35 

2S-H 

i« ft ft 

24,000 

21,000 

5 

3&-0 

A1 + 1.2% Mn 

16,000 

6,000 

30 

3S-H ' 

A1 + 1.2% Mn 

29,000 

25,000 

4 

17S-T 

A1 + 4.0% Cu + 0.5% Mn -f 0.5% Mg 

62,000 

40,000 

20 

24S-T 

A1 + 4.5% Cu + 0.6% Mn + 1.5% Mg 

68,000 

46,000 

19 

52S-0 

AI + 2.5% Mg + 0.25% Cr 

29,000 

14,000 

25 

52S-H 

A1 -1-2.5% Mg + 0.25% Cr 

41,000 

36,000 

7 

53S-W 

Al -)- 0.7% Si -1- 1.3% Mg -1- 0.25% Cr 

33,000 

20,000 

22 

53S-T 

Al -b 0.7% Si -t- 1.3% Mg -b 0.25% Cr 

39,000 

33,000 

14 

61S-W 

Al -b 0.25% Cu -b 0.6% Si + 1.0% Mg 





-b0.25%Cr 

35,000 

21,000 

22 

61S-T 

Al -b 0.25% Cu -b 0.6% Si -b 1.0% Mg 





-b0.25%Cr 

■' 45,000 

39,000 

12 

56St 

Al -b 5.25% Mg -b 0.1% Mn -b 0.1 %Cr 




Alclad t 

A duplex product made of, a 3S core with a 




3S-0 

coating of 72S (Al + 1 % Zn ) on one or both 





sides. 

16,000 

6,000 

30 

Alclad t 

A duplex product made of a 3S core with a 




3S-H 

coating of 72S (Al + 1 % Zn) on one or both 





sides. 

29,000 

25,000 

4 

AIclad§ 

Duplex products with cores of the alloys indi- 




17&-T 

cated (17S-T or 24S-T) and coatings on one 





or both sides of aluminum. 

55,000 

32,000 

18 

Alclad§ 

Duplex products with cores of the alloys indi- 




24S-T 

cated (17S-T or 24S-T) and coatings on one 





or both sides of aluminum. 

64,000 

43,000 

18 


* Based on sheet specimens Ho in. thick, 
t Not available in sheet form, 
t A similar alloy is called Clad. 

§ A similar allov is called Pureclad. 

• Development Division, Aluminum Company of America, New Kensington, Pa. Present address: Re- 
search Laboratory, Carnegie-Illinois Steel Corp., Pittebursh, 

1 See also R. J. McKay and Robert Worthington, Corrosion kesistance of Metals and Alloys, Chapter VI, 
Reinhold Publishing Corp., New York, 1936. E. H. Dix and R. b. Mears, Mech. Eng., 68, 786 (1936). Alu- 
minum in the Chemical Industry, booklet published by Aluminijm Company of America 1944 
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Pure aluminum has a relativelj low stiength and its U'C is, therefore, rather 
limited However the resistance of puie aluminuro to attack bj most acids and 
many neutral solutions is higher than that of aluminum of low er puntj or of that 
of most of the aluminum base allojs 

The commercial alloys of aluminum generally contain one or more of the following 
elements copper silicon manganese, magneuum or zinc Such additions materially 
increase the strength of the material or haie other desirable effects 

Table 2 THE COMPOSITIONS AND MECHANICAL PROPERTIES OF 
SOME CAST ALUMINUM ALLOYS 


Alloy and 

CompQsiUOQ 

Typical Tensile 
StiEngtb 

Typical \ield 
Strength 

Typical 
Eloneation * 

Sand Caitxngt 

43 

AI + S%Si 

10 000 

9 000 

3 0 

190-T4 

Al + 4 5%Cu 

31 000 

16 000 

8 3 

2:4 

Al + Me 

2o000 

12 000 

9 0 

3S&-T4 

Al + 70‘^Si + 03%Mg 

23000 

16000 

6 0 

B31i 

Al+ 1 8% Si + 3 8% Me 

20 000 

13 000 

2 0 

220-T4 

Al + 10% Ms 

40 000 

23 000 

14 0 

Ptrtnantnt Mdd CatUngt 

43 

Al + 3%Si 

24 000 

0 000 

6 0 

AlOS 

Al + 45%Cu + 55%8i 

28000 

16000 

2 0 

3o0-T4 

Al + T0%Si + 03%Mg 

32 000 

IS 000 

9 0 


Dte Caattngs 


13 

Al + 12%Si 

33000 

18 000 

1 8 

43 

Al + 5%Si 

29000 

13 000 

3 a 

81 

Al + 7%Cu + 3%Si 

32 000 

24 000 

1 3 

218 

Al + 8%Mg 

33000 

23 000 

fi 0 


* Based oa round epecimens in diameter for aand easliogs and permaneot mold cutings and on 
round apecimena lo diameter for die castiDgs 


The compositions and mechanical properties of some of the common aluminum- 
ba«e aWojs"’ are gisen m Tables 1 anti 2 The wrought allots and some of the cast 
alloj's are aiaihble in different tempers identified bj characteristic ssmbols Thus 
ior wroug’nt products Ibe solt or anneated temper is identified bj an D the lulty 
work bj an H and ttnoiis amounts of work haidening bj the 

symbols %H, or The strengths of certain aliojs can be raided bj appro- 

priate thermal treatments'^he sjTnbol 'U for wrought allojs or T4 for castings 
indicates that the alloi hasybeen giien a solution heat treatment followed bj 
quenching After a solution heVt treatment of this tj pe, the prop'erties of “ome of the 
allojs (*uch as 17S or 24S) Wter rapidly as the alloj stands or “ages’ at room 
temperature This change m mopcrties 13 termed age hardening or aging The age 
hardening temper of these allo^ is indicated bj a T Some of the other alloys mu*t 
be aged at a temperature somewhat aboie room temperature This is termed 
artificial aging or precipitation neat treatment The artificially aged tempers of these 
allojs are indicated b> a T for fraught Jjroducts or by a T6 for castings 
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Alclad allo 3 's are duplex wrought products, supplied in the form of sheet, tubing, 
and wire, which have a core of one aluminum alloy and a coating, on one or both 
sides, of aluminum or another aluminum alloy. Generally, the core composes 90% 
of the total thickness with a coating comprising about 5% of the thickness on each 
side. The coating is metallurgicall.v bonded to the core over the entire area of contact. 
In the most widely used Alclad materials, the coating alloj's are selected so that they 
will be anodic to the core alloys in most natural environments. Thus the coating will 
electrolyticallj' protect the core where it is e.xposed at cut edges, ri\"et holes, or at 
scratches. Such Alclad alloys arc usuallj’’ more resistant to penetration by neutral 
solutions than are any of the other aluminum-base alloys. 


AQUEOUS MEDIA 
Effect of O 2 , Temperatere, and 

Oxygen. Aluminum-base alloys are relatively insensitive to the concentrations of 
oxygen present in most aqueous solutions. In general, high concentrations of dissolved 
oxygen tend to stimulate attack somewhat, especially in acid solutions, although 
this effect is less pronounced than for most of the other common metals. (See Table 
3.) Carbon dioxide or hydrogen sulfide, even in high concentrations, appears to have 
a slight inhibiting action on the effect of aqueous solutions on aluminum allo 3 's. 
Water solutions of sulfur dioxide have some etching action on aluminum, but even 
so aluminum resists the action of such solutions better than copper or steel. (See 
Table 4.) Water solutions of lu'drogen chloride are strongl 3 ' corrosive to aluminum. 
Hydrogen and nitrogen are without effect, except as they influence the oxygen content. 


Table 3. EFFECT OF GAS ATMOSPHERE ON THE CORROSION RATE 

OF ALUMINUM ( 2 S- 14 H) 

Tests run on three specimens. Those below are averages. 

Immersed area of specimens — '37.8 sq cm (5.85 sq in.). 

Volume of solution — 150 ml. 

Temperature — room. 

Rate of aeration — 15 ml per min. 


Solution 

Gns 

' Duration 
of Test 

Corrosion Rato 

ipy 

mdd 

1.0% sodium carbonate 

[ Oxygen bubbled through solution 

IS hr 

0.17 

320 

(( II II 

Air 


0.17 

320 

II II <1 

Nitrogen “ " " 


0.18 

338 

0.1% sodium hydroxide 

Oxygen bubbled through solution 


0.G5 

1220 

II .1 «< 

Air 


0.64 

1200 

“ 

- 

Nitrogen “ " " 

II M 1 

0.63 

1190 

! 

0.1% hydrochloric acid 

Oxygen bubbled through solution 

48 hr 

0.066 

124 

«• II «i 

Air 


0.036 

68 

II II II 

Nitrogen “ *' 


0.006 

11 

II II II 

Air over quiescent solution 


0,007 

13 


Temperature. At low temperatures (4° C [40° E] or below), the action of most 
aqueous solutions is much slower than at room temperature. However, in many 
solutions, increase in temperature above about 80° C (180° F) results in a decrease 
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m rale oi attack Thus a temperalure ol ‘i0®-80‘* C <160° -180“ F) la hkeb to result in 
more seiere corro=ion than temperatures of 20“ C (70° F) or 100° C (212° F). 

pH There is no genera! relationship between pH and rate of attack The specific 
ions present largelj influence the bebanor Thus most aluminum alloys are inert to 
strong nitric or acetic acid 'Olutions but are readily attacked m dilute nitnc, sulfuric, 
or hydrochloric acid solution' Similarly, solutions with a pH as high as 117 may' 
not attack aluminum alloy*', provided «ihcates are present, but, in the absence of 


Table 4 RESISTANCE OF ALUMINUM TO WATER SOLUTIONS 
OF SEVERAL GASES 


Metal 

CarboD Dioxide* 

Sulfur Dtoxide t Air 

7I}drogea Sulfidet 
and TV ater 

Av Wi Loss 

Av jpjS 

AV Wi Loas 

grama 

Av ipy| 

Ia.v Ut Loss 1 

Av jpyJ 

VJaminuEa(2Sl 

0 0003 

0 00001 

0 IgO 

0 0498 

0 002 

0 00028 

Copper 



0 6SI 

0 0701 

0 237 

0 01030 

Steel 

0 21o3 

0 00977 

8 sS31 

1 02B 

1 366 

0 06S00 


* MeUl (pecineu 1 X 4 X 1/16 lo (2 » X 10 2 X 0 16 cut) nere partialb imicereed (to a depth of 
** 10 . ) (o 1 em ) ID dmiUed a ater throu<b wbicb carbon diDode aad air were bubbled. The total penod of 
expraure wa« 342 houn at room tecoperaim ' 

t MeUl apeeimeos 1 X 4 X 1/16 in. thick were partial]}' immeraed (to adeptb of 2 m.) m liutilled water 
through which air aod sulfur dioxide were bubbled. The total penod of exposure a as 13S hours at room 
temperature 

i Metal specimens 1 X 4 X 1/16 in. were partially iiamer*ed (to a depth of 2 in.) m distilled waur 
through which hydrogen sulfide was bubbled. The total penod of exposure was 320 hours at room tem< 
p*rature 

{ Thu calculation was baaed on the assumption that all corrosion waa confined to the immersed areas 
of the speeunena. 

g Steel specimen corroded completely through at the water line 

sihcatea, attack may be appreciable at a pH as low as 90 In chlonde^containing 
'Olutione generalh le-« action occure in the near»neutral pH range, say 5.5 to BS than 
m either distinctly acid or diatinctly alkaline solutions Howev er, the results obtained 
will V ary somewhat, depending on the specific aluminum alloy under consideration 

Fresb Waters 

Aluminum-base alloys are not appreciably affected by’ distilled water^ even at 
elev ated temperatures (up to 180° C (350* FJ at least) Furthermore, distilled water 
Is not contaminated by contact with most alummum-base alloys For this reason, 
there is a fairly extemne and satisfactory use of aluminum alloy storage tanks, 
pipmg V ah es, and fittings /or handling di tilled water * Aluminum alloy s such as 
23, 33, 523, 53S, and 613 are those most widely used for storage tanks and piping, 
while alloys such as 43 and B214 are used for cast valves and fitting 

Because natural fre'h waters differ so widely in their composition and behavuor, 
it is extremely difficult to make generalizations regarding the re istance of alummum- 
base alloys to tbeir action Mo^t commercial aluminum base alloys show little or 
no general attack when expo-ed to mo<d; natural waters at temperatures up to 
ISO* C (350° F) at least However, certain waters may cause a severe localized attack 
or pittmg Pittmg is of most importance where the metal section thickness is small, 

’ H. V Churchill Ind Eng Chem (AnalytKwl Ed. ) 5,264 (1933) 

‘H V ChurchiU Ctem ilel E«S,46 226(1939) 
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since the rate of attack at the pits generally falls off with increasing time of exposure. 
In general, the time necessary to perforate aluminum alloy sheet 0.040 in. (0.10 cm) 
thick or greater is prolonged, as attested to by the wide and successful use of 
aluminum tea kettles. 

The Alclad products are much more resistant to perforation by pitting than are the 
other aluminum alloys. Therefore, wherever the characteristics of a specific water are 
not known in advance, it is safer to employ aluminum alloys such as Alclad 3S. 

Sea Water 

Of the aluminum alloys in common use, those which do not contain copper as a 
major alloying constituent are resistant to unpolluted sea water. As in other natural 
waters, any attack which does develop in sea water is likely to be extremely localized 
(pitting). Therefore, rates of attack calculated from weight change data have little 
value. Measurement of change in tensile strength is the most widely used criterion. 
Typical results^ are given in Table 14, p. 410. 

Steam Condensate 

Condensate from steam boilers, if free from carry-over of water from the boiler, 
is similarly inert to aluminum-base alloys. Thus, either wrought or cast aluminum 
alloys are used successfully for steam radiators or unit heaters. Where aluminum 
alloys are used, it is desirable to install suitable traps in the steam lines, since^ 
entrapped boiler water, especially if alkaline water-treating compounds are employed, 
may be corrosive. 

Acids 

Add mine waters are corrosive to the aluminum-base alloys. The extent of attack 
depends upon the specific composition of the water. Some use of aluminum pipe has 
been made in soft coal mines for handling acid mine waters. It has been found that 
pipe of aluminum alloy 3S greatly outlasts bare or galvanized steel pipe in this 
application. 

Many aluminum-base alloys are highly resistant to nitric acid in concentrations 
of about 80 to 99%. Alloys such as 2S, 3S, and 61S have received the widest use for 
handling nitric acid of these concentrations. Nitric acid of lower concentrations is 
more active. Figure 1 illustrates the relationship between rate of attack and acid 
concentration for commercially pure aluminum (2S). 

Dilute suljuric acid solutions, up to about 10% in concentration, cause some attack 
on aluminum-base alloys, but the action is not sufficiently rapid at room temperature 
to prevent their use in special applications. In the concentration range of about 
40 to 95%, rather rapid attack occurs. In extremely concentrated or fuming acid, the 
rate of attack drops again to a veiy low value (Fig. 2) . 

The action on aluminum (2S) of solutions containing sulfuric acid, nitric acid, 
and water is illustrated in Fig. 3. It will be noted that aluminum is most resistant to 
solutions dilute in both acids, or high in nitric acid concentration, or in 100% 
sulfuric acid. 

Hydrofluoric, hydrochloric, and hydrobromic acid solutions, except at concentra- 
tions below about 0.1%, are definitely corrosive to aluminum alloys. The rate of 
attack is greatly influenced by temperature (Fig. 4) . 

Both perchloric acid and phosphoric acid solutions in intermediate concentrations 

^ See also R. B Mears and R. H. Brown, Trans. Soc. Naval Architects and Marine Engrs., 62, 91-113 
(1944). 
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definitely attack aluminum Dilute (below 1%) phosphoric acid solutions ha\e a 
relati\ ely mild uniform etching action that makes them useful for cleaning aluminum 
surfaces 



iQ 60 70 eo 90 100 

Pefi CENT NITRIC ACiO BY WEIGHT 


FiO 1 Action of Kitnc Acid on 2&H Al uminum (00-day tests room temperature) 



0 20 40 60 60 100 

PER CENT SULFURIC ACID BY WEIGHT 
Fig 2 Action of Sulfunc Acid on 2S Aluminum (24-hour tests) 


Bone aetd 'olutions m all concentrations up to "aturation hare negligible action 
on aluminum allois 

Chromic end 'olutions in concentrations up to 10% hare a mild, uniform etching 
action Mixtures of chromic act! and pho«phorK; acid have practically no action on 
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a wide variety of aluminum alloys, even at elevated temperatures. Such mixtures 
are used for quantitatively removing corrosion products or oxide coatings from 
aluminum alloys. 

Most organic acids are well resisted by aluminum alloys at room temperature. (See 
Fig. 5.) In general, rates of attack are highest for solutions containing about 1 or 2% 


100 % 

HNO3 



Fig. 3. Action of Mixtures of Nitric and Sulfuric Acids on 2S Aluminum (24-hour tests, 
room temperature; contours labeled in ipy). 



Fig. 4. Effect of Temperature on Corrosion Rate of 63 S-T Aluminum in 10% 'HCl. 


of the acid. Formic acid, oxalic acid, and some organic acids containing chlorine 
(such as trichloroacetic acid) are exceptions and are definitely corrosive. Equipment 
made of aluminum alloys, such as 2S or 3S, is widely and successfully used for 
handling acetic, butyric, citric, gluconic, malic, propionic, and tartaric acid solutions. 
Aluminum alloys also have a high resistance to the action of uncontaminated 
natural fruit acids. Contamination of these substances by heavy metal compounds 
ma.y cause them to become corrosive. In contrast to this, the addition of sugar to fruit 
acids causes them to become even less corrosive. 
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Alkaubs 

Solutions of sodium hydroxide or polassium hydroxide m all but the lowest 
concentrations (less than 001%) rapidly attack aluminum and its alloys Attack by 
the verj dilute caustic «olutions can be inhibited by suitable corrosion inhibitors 
(such as 'ilicates or chromates see pp 914 916) but m more concentrated solutions 
none of the usual inhibitors js very eSective The allojs of aluminum containing more 
than about 4% magnesium are somewhat more resistant to attack by alkalies® than are 
the other aluminum base alloys 



Fiq 5 Resistai ce of Alumioum (3S-^n) toOrgaoic Actda (I week test room temperature) 

Lime or calcium hydroxide «olulioDS are aLo corrosne but the maximum rate 
of attack IS limited by the low solubility of these materials 
The aluminum base allojs are hi^ly resistant to arnmomal and ammonium 
hydroxide The aUo>s that contain, appreciable magnesium tend to he e\en less 
affected by ammonium hydroxide solutions than the other aluminum alloys 
The amines generally haic little or no action on aluminum alloys Howeier a 
few of the mo«t alkaline do cause defimte attack 

Salt Solutions 

Neutral or nearly neutral (pH from about 5 to 85) solutions of most inorganic 
salts have negligible or mild action on alummum base alloys at room temperature 
This IS true for both oxidizing and non oxidizing solutions Any attack that does 

* Ik 4 aod K. B Atears Urt Eno 49 8S (1912) 

* J R. Willard and R. B Mears Refng Eng p 2 (December 1940) 
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occur in such solutions is likely to be highly localized (pitting) with little or no 
general corrosion. Solutions containing chlorides are likely to be more active than 
other solutions. The simultaneous presence of salts of the heavy metals (especially 
copper) and chlorides may be very detrimental.* Table 5 lists rates of attack of 
several types of salt solutions on commercially pure aluminum. 

Distinctly acid or distinctly alkaline salt solutions are generally somewhat corrosive. 
The rate of attack depends on the specific ions present. In acid solutions, chloride^ 
generally stimulate attack greatly. In alkaline solutions, silicates or chromates 
greatly retard attack. 


Table 5. EFFECT OF SALT SOLUTIONS ON ALUMINUM (2S) 

Size of specimen — partially immersed area » 6 sq in, (15.2 sq cm). 

Volume of solution per specimen — ■ 150 ml. 

Velocity — quiescent. 

Aeration — nat. conveot. 

Temperature — room. 

Duration of teat — 6 weeks. 


Salt 

Concentration, % 

Average Depth of Attack, 
ipy 

Ammonium sulfate 

1 

No appreciable attack 


5 

** ** “ 

Magnesium sulfate 

0.0001 

0 0000 


0.001 

0 0000 


0 or 

0 0004 


0.1 

0 0003 


1.0 

0.0002 


10.0 

0.0003 

Sodium nitrate 

0.0001 

0.0009 


0.001 

0.0010 


0.01 

0.0014 


0.1 

0 0012 


1.0 

0.0000 


10.0 

0.0001 

Sodium sulfate 

0.0001 

0.0006 


0.001 

0 0003 


0.01 

0.0001 


0.1 

0.0000 


1.0 

O.OOQO 


10.0 

0.0000 

Sodium thiosulfate 

1 

No appreciable attack 

- 

5 

• • U •« 


Effect of Velocity 

In the case of neutral solutions, the velocity of the solution, up to about 6 meters 
per sec (20 ft per sec), seems to have little effect on the rate of attack. In some cases 
increased movement of the liquid may actually reduce attack by assuring greater 
uniformity of environment. However, increases in velocity apparently decrease the 
variation in pH that can be tolerated without special erosive attack occurring. 

• Mercury salt solutions are likely to be extremely corrosive. Mercury is deposited which then acts as 

described on p. 618. 
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Galvanic Effects 

Aluminum is anodic to many of the other common metals in many types of aqueous 
solutions This means that gahamc attack is likely to occur on aluminum articles 
exposed in aqueous solutions in contact with parts made of dissimilar metals 8 
Contact with copper or copper base allots often results m very severe galvanic 
action on the aluminum parts of the couple Contact with steel often causes galvanic 
action on the aluminum but in certain solutions and m some natural waters this 
action may be reversed so that attack of the steel is accelerated and the aluminum is 
protected Contact between stainless steel and aluminum m sea water or other saline 
solution® u^uall> result® in lesa gahamc action on the aluminum than does contact 
of aluminum with steel ® However no ca«cs of rever al of this action such as occurs 
with ordmao steel are known 

Cadmium and aluminum are similar in potential m many aqueous solutions Con 
sequentlj uauall> little gah anic action results when aluminum is coupled to cadmium 
Zme IS anodic to aluminum in most neutral or acid solutions hence m such solutions 
contact with zinc results m protection of the aluminum article* la alkaline solutions 
the potentials reverse 'o that in these media contact with zinc can cause accelerated 
attack of aluminum 

Mechanical Factors 

Constant stress below the jield «treDgth docs not affect the rate of attack of most 
commercial aluminum allots under normal conditions of ure ti AIlo>s rendered sas 
ccptible to intergranular attack bj uDde<irabIe thermal treatments may show 
accelerated attack when stressed C>cli(Mlly applied stresses in combination with 
exponrea to corrosive environments (corro«ioa fatigue) may result in increased 
attack The frequency and magnitude of the cjclic stre® es and the particular alloj 
and environment to which it is exposed will all influence the results obtained 

Vibratjon^s or agitation of a liquid m contact with aluminum al] 03 s will generally 
increase attack of the metal over (hat m quiescent exposure 

In manj tj pes of exposure cold uork does not appreciably affect the resistance to 
corrosion of a wide varictj of aluminum base allots In solutions of the non oxidizing 
acid® however cold work seems to stimulate attack to ^ome extent and aI®o indirectlj 
stimulates attack of the aluminum allojs contammg over about 5% magnesium 
IVith the latter allojs «evere cold work increases the tendency for a magnesium 
aluminum constituent to precipitate reicctivelj from solid solution On exposure to 
certain media selectiv e attack of this constituent then occurs 

Metallurgical Factors 

Since corro'ion is an electrochemical phenomenon it might be expected that allojs 
composed of one homogeneous phase or of two or more phases all of which had 
very ®imilar solution (galvanic) potential® would be more re®istant to attack than 
allojs compo ed of two or more phases with widelj different solution potentials 
This expectation is generally fulfilled** Thus pure aluminum or single phase allojs 

^R H Brown AtM Soe Ttiting Malmalt BM 126 (January IMA) 

* R B Mears and R H Brown Ind Eng Chrm 33 1001 (IWl) 

‘®R.B Meara and 11 J Fahmey 7>jn* Am Intt Chem Eng 37 011 (1911) 

^ R. B Meara R H Brown and E H Dii Jr B^ymponuin on StTai-Corragton Cracking of Metals 
Cl94i) p 323 Amencaa Soc ety for Teal ng Matenala and Amenean Inst tuteof M ningand MetalluTgieal 
EngmeeTB Phladelph a and New Ycpilt, 1915 

B Meara and L. J Benson Jnd Eng Chem, 38 IM7 (1910) 

^ R. B Mears and R 11 Brown Xnd Eng Chem 33 1001 (1941) 
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of aluminum and magnesium or aluminum and silicon are all relatively resistant to 
attack. Al-Cu alloys heat-treated and quenched to retain the copper in solid solution 
are much more resistant to attack than are similar alloys treated so that the copper 
precipitates out of solution as a constituent, CuAl 2 , which' differs in solution 
potentially from the matrix solid solution and may cause intergranular corrosion.* 
Al-Mn alloys (such as 3S or 406) are highly resistant to corrosion, although the 
manganese constituent is present as a separate phase. The reason for this is that the 
manganese constituent has a solution potential very similar to that of the matrix. 

ORGANIC COMPOUNDS 

Aqueous solutions of the organic acids and amines have already been discussed. 
Aqueous solutions of organic chemicals having a substantially neutral reaction are 
generally without appreciable action on aluminum-base alloys, unless these solutions 
are contaminated with other substances, particularly chlorides and heavy metal salts. 

At room temperature or slightly above, most organic compounds, in the absence of 
water, are completely inert to aluminum-base alloys. This is true for organic-sulfur 
compounds as well as for other organic compounds. At elevated temperatures some 
organic compounds, such as methyl alcohol and phenol, become definitely corrosive, 
especially when they are completely anhydrous. 

GASES 

Most gases, in the absence of water and at or near room temperature, have little 
or no action on aluminum-base alloys. In the presence of water, the acid gases, such 
as HCl and HF are corrosive, and wet SO 2 also has some action (see p. 42). Hydrogen 
sulfide or ammonia, either in the presence or absence of water and at room tempera- 
ture or slightly above, has negligible action on aluminum-base alloys. 

Halogenated hydrocarbons, such as dichlorodifluoromethane, dichlorotetrafluoro- 
methane, and monochlorodifluoromethane, are almost completely inert to aluminum.^o 
However, methyl chloride^^ and methyl bromide are corrosive and should not be 
used in contact with aluminum-base alloys. 

PROTECTIVE MEASURES IN AQUEOUS MEDIA 

The most appropriate protective measures vary with the conditions of exposure 
and the service requirements. Attack by nearly neutral waters or dilute neutral salt 
solutions can usually best be avoided by the use of ; 

1. Alclad alloys.i'^ 

2. Protective surface-conversion or anodic coatings.^® 

3. Cathodic protection by zinc attachments.^® 

4. Appropriate chemical inhibitors.^® 

, 5. Organic coatings.®! 

• For further discussion of heat treatment and intergranular corrosion, Bee p. 54. 

F. Keller and R. H. Brown, Aluminum Res. Lah. Tech. Paper 9 (1943). 

^®E. H. Dix, Jr., Trans. Am. Insl. Mining Mel. Engrs. (Inst. Metals Div. ), 137, 19 (1940). 

J. R. Willard and R. B. Meara, Refrig. Eng., 40, 381 (1940). 

E. H. Dix, Jr., Mining and Met., p. 397 (1927). 

J. D. Edwards, Trans. Electrochem. Sac., 81, 341 (1942). (See Anodic Treatment of Metals, p. 857). 

R. B. Hears and H. J. Fahrney, Trans. Am. Inst. Chem. Engrs., 37, 911 (1941). R. H. Brown and 
R. B. Hears, Trans. Electrochem. Soc., 81, 455 (1942). 

^‘’R. B. Hears and G. G. Eldredge, Trans. Electrochem. Soc., 83, 403 (1943). ' 

J. D. Edwards and R. I. Wray, Ind. Eng. Chem., 27, 1145 (1935). J. D. Edwards and R. I. Wray, 
Ind. Eng. Chem. (Analytical Ed.), 7, 5 (1935). H. J. Fahrney and R. B. Hears, Chem. and Met Eng 
86-89 (1942). ’ ’’ ' 
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In definitely acid or definitely alkaline solutions, methods 4 and 5 are generally 
the most effectiie methods of protection The avoidance of harmful effects may also 
be classed as a protectne measure Among the most common, harmful effects are 
gahanic action, rc'^iiUmg from direct contact between aluminum and a dissimilar 
metal, such as copper, and indirect galvanic effects resulting from contact between 
aluminum and solutions contaming reducible compounds of heavy metals In some 
cases a suitable design or coastructionSS «iU preient serious corro'ion eien though 
no other factors are altered Similarly, since the various alloys of aluminum differ 
widely in behavior, the selection of the most suitable alloy is important 

In a /imited number ol cases, corTo«ioa can 6e prevented by reniaung same minor 
constituent from the contacting liquid or gas For instance, copper compounds, which 
may make a water corrosive to aluminum can be removed by passing the water 
through a tower packed with aluminum chips Finally, the use of suitable periodic 
cleaning procedures^s may be highly beneficial m specific cases 

SOIL CORROSION 

The extent of attack that occurs on aluminum alloys buried underground vanes 
greatly, depending on the soil composition and climatic conditions In dry, sandy 
soils corrosion is negligible In wet, acid or alkaline soils, attack may be severe 


Table G SOIL BURIAL TESTS OF Ht'E YEARS DURATION* WITH 
ALUMINUM ALLOY SPECIMENS 




Well Drained Soil | 


Mar* 

hy S.^il 

Alloy 

Mae I 
Depth of 
Attack, t 
Inches 

Per Cent 
Change m 
Tenaile 
Screngthl 

Remarks 

Max 
Depth of 
Attack, 
Inches , 

Per Cent I 
Change m 1 
Tensile I 
Strength | 

Remarks 

2S-J4H 

0 0017 

- I 

Mild general etching 

0 0280 

- 7 

Pitted 

62S-HH ' 

0 0007 ' 

+ 1 


0 0140 



S3S-T 

0 0007 1 

0 


0 OloO 

0 1 


63S-T. Alrok 







i’lS coated 

0 OOOO 

0 


0 0006 

0 

Mild general etching 

53S-T. Alu- 





1 


jf204 coated 

0 0003 

0 

f, ~ 

0 0002 

+ 2 


J7S-T 

0 COSO . 

-20 

werere ptlUrrg 

0 0910 1 

-ii 

Severe}}' pitted 

Alclad 24&-T 1 

0 0013 

0 

Mild general elcimig 

0 0028 

- 1 

Generally etched 

Steel 

0 0640 

-27 

Completely perfo- 
rated at 3 spots 

0 0190 { 

-17 

|Pitted 


• Specimens in the form of panels 3X9X0 001 in thick were buried to a depth of 2 ft m sod at the 
property of the Aluminum Research Laborstonea la New Kensington, Pa 
t Depth o{ attack determined by TOicnneopie ezasuoatioa of croaa secvions 

t Change in tensile strength deterouDed by machining tensile epecimens from the panels after exspoure 
and comparing tbeir strength with that of ooexposed tensile specimens of the same matenals 

Results^* of soil corrosion te«fs m two locations are summarized m Table 6 In 
both the^e locations, panels of the vanous alloys were buried in clayey soil of the 
Aluminum Research Laboratories' property in New Kensington, Pa One location 

® R B Vlears and J R Akers Pree Am Soe Braang Chtmula Fifth Annual Meeting (1942) 

R Akers and R B Meats ^xip and Sanifanr CAemieols, 17, 23 (1S4I) 

** From unpublished work by G G Ctdrsdge and R. B Mears 
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was in relatively well-drained soil and the other was in a marshy area less than 100 
ft away. In the well-drained soil, attack on all the aluminum-base alloys, except 
17S-T, was mild after five years. The 17S-T was severely attacked, although to not 
so great an extent as was the steel. 

In the marshy soil, ma.ximum depths of attack on all the uncoated 'aluminum-base 
alloys, except Alclad 24S-T, w,ere appreciable and of the same order as on ordinary 
steel, although the relative loss in tensile strength was definitely less, for most of the 
aluminum-base alloys than for steel. In the case of the Alclad 24S-T, the attack that 
occurred was all confined to the coating, as would be expected. Chemical dip and 
sulfuric acid anodic coatings were definitely protective to 53S-T (and presumably 
to the other aluminum alloys). Steel was corroded less severely than 17S-T in the 
marshy exposure. Apparently the reason for this is that in the marshy exposure less 
oxygen is present in the soil, which is beneficial to the steel but not to 17S-T. This 
same reversal in behavior of 17S-T and steel has been noted in sea water tests, where 
steel corrodes faster when exposed at tide level than when continuously immersed; 
the reverse is true for 17S-T. 

ATMOSPHERIC CORROSION 


Outdoor Exposures 

The aluminum-base alloys as a class are highly resistant to normal outdoor exposure 
conditions. The alloys containing copper as a major alloying constituent (over 
about 1%) are somewhat less resistant than the other aluminum-base alloys, whereas 
the Alclad alloys are generally the most resistant. Results^® of typical outdoor 
exposure tests are given in Table 7. The data given in the table are all based on 
exposure of machined tensile specimens, 0.064 in. (0.16 cm) thick. Changes in strength 
would be smaller if panels had been exposed and machined into specimens after 
exposure. Also, if the specimens had been thinner, obviously the losses would be 
greater; if they had been thicker, the losses would have been smaller. This effect of 
thickness is especially pronounced in the case of aluminum-base alloys, since the 
rate of attack greatly decreases wdth increasing time of exposure. This “self-stopping” 
action has been mentioned before^o and can be readily seen from the data in Table 7. 
Note, for example, that the loss in tensile strength for 17S-T exposed at Point Judith 
is nearly as great (9%) after one year as after ten years (12%). 

All the specimens referred to in Table 7 were freely exposed to the outdoor loca- 
tions. If they had been partially sheltered, the rate of attack would have been some- 
what greater; if they had been largely sheltered, very little attack would hare 
occurred. Apparently, in the case of aluminum-base alloys, periodic exposure to rain 
is beneficial probably because the rain washes off corrosive products that settle out 
of the air. This view is supported by the behavior of the aluminum alloy specimens 
at Georgetown, British Guiana. The exposure site of Georgetown was immediately 
adjacent to the Demerara River about 1% miles from its mouth. The climate is 
warm, and there are two wet seasons and two dry seasons each year. The total rainfall 
each year is about 100 in. This exposure proved to be one of the mildest of the group. 
Evidently, free exposure to rain is not harmful but, on the contrary, appears to be 
actually beneficial. 

The gases ordinarily found in industrial atmospheres have little effect in acceler- 
ating the corrosion of aluminum-base alloys. Settled carbon particles may accelerate 

See also Reports of Committee B-3, Sub. VI, Prac. Am. Soc. Testing Materials 
E. H. Dix, Jr., Proc. Am. Soc. Testing Materials, 33, Ft. II, 405 (1933). 




coiTo lOQ b> gaU anic action Under outdoor at^lO^JdJe^c exposure conditions this 
factor of 'econdarj importance eien m intensely indu:»tnal region^ such as Pitts 
burgh and Altoona Sulfur corapoimds «!uch as HjS haae no «pecifie eSecJ in 
accelerating the tarnnhing or corrosion of alunuoum alJojs In manj ca«es settled 
pools of Trater containing b>drogcn sulfide or carbon dioxide mil cau e less action 
than similar pools from which fbe«e gasea are ab'^ent Howeier the highly acidic 
nature of water containing dissolied SO2 or SO3 causes it to become somewhat 
corro'ive 


Ixpoop Exposures 

The effects of indoor expomrea differ greatl} depending on the expo^re conditions 
Exposure indoors in homes o’ offices ordinarily cau.es, at most onli a mild surface 
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dulling of aluminum-base alloys even after prolonged periods of exposure. In damp 
locations, especially where there is contact with moist insulating materials, such as 
wood, cloth, and paper insulation, attack may be more appreciable. In factories or 
chemical plants, fumes or vapors incident to the operations being conducted may 
cause a definite surface attack. However, in most indoor atmospheres where pools of 
contaminated water do not remain in prolonged contact with aluminum alloys, or 
where extended contact wdth moist, porous materials is avoided, no appreciable loss 
of mechanical properties through corrosion will occur. In particular, aluminum alloys 
are highly resistant to warm, humid conditions where there is appreciable moisture 
condensation so long as contact with porous materials is avoided. Bare aluminum 
alloy panels have been used in constructing humidity cabinets that operate just 
above the dew point at 50° C (125° F). After five years’ use, there is no corrosion 
other than a mild surface staining. 

Galvanic Action 

Aluminum-base alloys are anodic to many of the other common structurally used 
metals and alloys. Thus, if aluminum-base articles are exposed outdoors or in moist 
locations in contact, with parts made of dissimilar metals, galvanic attack of the 
aluminum surfaces adjacent to the dissimilar metal is likely to occur. Galvanic action 
is much more pronounced in marine or seacoast atmospheres than in rural or 
industrial locations. 

Contact with copper or copper-base alloys causes more pronounced galvanic attack 
than contact with most other metals. In rural or industrial locations, contact with 
ordinary steel does not generally cause a very pronounced acceleration in rate of 
attack of aluminum-base alloys (especially the Al-Cu alloys such as 17S-T and 
24S-T). In seacoast locations, attack may be appreciably accelerated. Contact with 
stainless steel is usually even less harmful than contact with ordinary steel. Cadmium 
has about the same solution (galvanic) potential as aluminum. Therefore, contact 
with cadmium usually results in negligible galvanic action. Zinc is definitely anodic 
to most aluminum-base alloys under most conditions of e.xposure and tends to protect 
adjacent aluminum areas cathodically. 

Magnesium and its alloys are definitely anodic to the aluminum alloys. Thus 
contact with aluminum increases the corrosion of magnesium. However, such contact 
is also likely to be harmful to aluminum, since magnesium may send sufficient current 
to the aluminum to cause cathodic corrosion. Cathodic corrosion, as mentioned above, 
is most likely to be encountered in seacoast locations. Certain aluminum-base alloys 
(such as 56S or 220) are less affected by contact with magnesium than are the other 
aluminum alloys. For this reason 56S rivets have been extensively employed in 
assembling magnesium alloy structures. 

In designing outdoor structures, it is often necessary to combine dissimilar metals 
in the structure. Suitable protective methods are available* that, if adopted, will 
greatly reduce the risk of galvanic corrosion. ^ 

Use of Clad Allots 

Because of mechanical considerations, it is not always possible to use the most 
corrosion-resistant aluminum alloy for a specific application. The availability of 
Alclad alloy products has gone a long way toward solving this problem. The 
Alclad alloys have strengths nearly as high as those of the core alloy and yet 

* To be published. 
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have excellent resistance to corrosion Alclad alloys are now supplied as sheet, 
plate, wire, rod, and tubing 

In assemblies, the regions most susceptible to corrosion are the joints Where 
Alclad "heet (or plate) is riveted or spot-welded to shapes of a non-clad alloy, 
the coating on the Alclad sheet (or plate) will usually tend elcctrolytically to 
protect adjacent areas of the shapes In aircraft, where strong lightweight con- 
struction receues great emphasis the skin sheet is normally made of unpainted 
Alclad 24S-T sheet and the slifTening members are formed from Alclad 24S-T 
sheet or are made from 14S-T or 24S-T extru«ions The extrusions are commonly 
anodically coated and painted before assembly, but no paint coveiing is con- 
sidered nece'sary on the Alclad sheet e\eii for aircraft that fly o\er the ocean 

In some cases other mechanical factors, such as formability or hardness, may 
be of great importance m the selecting of an appropriate alloy for a specific 
application Aliimmum alloys such as 2S, 3S, or 52S, in the softer tempers, are 
readily formable and are also highly resistant to corrosion If greater strength is 
required, alloy 61S should be considered This alloy combines good formability 
(m the W temper) with relatively high strength and good resistance to corrosion 

Metallurgical Factors 

Metallurgical factors are often of importance in influencing rates of corrosion 
They are probably best known in the case of the A)-Cu allojs of tho duralumin 
type Such alloj*s contain about 4% copper (allots 17S-T and 24S-T) This 
amount of copper is soluble in solid aluminum at elevated temperatures (aboie 
480® C [900* F] ) but la not entirely soluble at room temperature After fabrication 
such alloys are commonly heat-treated at about 490* C (920* D in order to effect 
solid solution of the copper in the aluminum They are then immediately quenched 
in cold water which retains the copper in solution Upon standing at room 
temperature after quenching the hardness and strength of the alloss increase, 
approaching maximum lalues after aging about 4 dajs It is generally assumed’’^ 
that this age hardening is caused by the precipitation of some Cu^ls constituent 
from the A1 Cu solid solution Howeier, the precipitate particles, if present, are 
m a lery finely diuded ‘state and, when m this condition the alloy-, from a 
corrosion standpoint, bchasc as if they were mbstintially single-phase alloys, 
that IS, they are relatively resistant to corrosion It is in this quenched and 
room-temperature aged condition that they are generally used and, as such, 
are susceptible only to pitting corrosion with no selectiie attack at gram 
boundaries However, if the alloys are quenched more slowly from the heat- 
treating temperaturo, that is, quenched in boiling water instead of cold water, 
they become susceptible to selective gram boundary attack (intergranular corro- 
sion) This type of attack is attnbuted to the ‘'elective piecipitation of lelatnely 
large particles of the CuAlj constituent at the gram boundaries ^8 2 a 'pj^e AI-Cu 
•'olid solution adjacent to the gram boundaries becomes depleted in copper, since 
the copper is precipitated out of solution This depleted zone is definitely’ anodic 
to the A1 Cu solid solution of the mam body of the gram and aUo to the pre- 
cipitated particles of CuAl 2 Consequently the depleted zone corrodes out, giving 
an intergranular form of attack 

Somewhat similar results occur if the rapidly quenched Al-Cu alloy is heated 

W L FidIc / Applied Phy$ 13 (Vo 2) 7a-83 (1912) 

** F H D»i Jr , Tran* Am Inrt Mwiwff Wet Engri (loBt Metals Div J 187, 19 (1940J 

**R B -Vicars and R H Brown Ind Eng Chem.tt 1003 (1911) 
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(artificially aged) to a somewhat elevated temperature (above 120° C [250° F]) 
for a critical period of time.^o This heating also causes the alloy to become sus- 
ceptible to intergi-anular attack. However, if the heating is carried out for a 
sufficiently extended period of time, the susceptibility to intergranular attack 
again disappears, probablj' because substantially all the copper has precipitated 
out of solid solution and, therefore, the zones adjacent to the grain boundaries 
are no more depleted in copper than are the other areas in the grain boundaries. 

For many of the other aluminum-base alloys, metallurgical factors have 
relatively little effect on resistance to corrosion. Alloys such as 2S, 3S, 52S, 53S, 
and 61S are relatively insensiti\’e in this respect. 

Protective Measures 

■ The methods used for protecting aluminum-base alloys from atmospheric effects 
are: 

1. Alloy selection. 

2. Joint-sealing compounds. 

3. Anodic and surface conversion coatings, 

4. Organic coatings. 

5. Metal spray coatings. 

6. Electrodeposited coatings. 

The first method, alloy selection, is generally the most important. As indicated 
above, aluminum-base alloys, such as 2S, 3S, 52S, 53S, Alclad 3S, Alclad 17S-T, and 
Alclad 24S-T, are highly resistant when freely exposed to most natural environments. 
They will all discolor or darken appreciably in most outdoor e.xposures but will 
suffer no structurally appreciable changes in properties unless exposed in relatively 
thin sections (below about 0.030 in. [0.076 cm] thick). 

Joints, depressions, or other areas that pocket moisture and dirt are more sus- 
ceptible to corrosion than regions freel 3 ’’ exposed to the atmosphere. Most plastic or 
semi-solid joint-sealing compounds that conform and are firmly adherent to adjacent 
metal surfaces are highly effective in preventing special attack in these regions. 
Some of these joint-sealing compounds that contain soluble inhibitors (generallj' 
chromates) are particularly suitable. 

Anodic coatings (see p. 857), particularly those applied in a sulfuric acid electroI}do 
and suitably sealed, are highly effective in preventing discoloration or surface staining 
of the aluminum-base alloys mentioned above. In addition, aluminum members that 
are used architecturally are more I'eadilj’’ cleaned of atmospheric dirt if they have 
been anodically coated. 

Organic coatings are wddely used on aluminum-base allo 3 's. As with other metals, 
the method of surface preparation emplo 3 ’’ed before painting is of great importance. 
The surface should be grease-free and should gcnerall 3 ’’ be treated with a phosphoric 
acid t 3 'pe cleaning compound (or a chromic acid solution) prior to painting. As a 
priming coat, zinc chromate pigmented paints are probab^’’ the most satisfactory. 
The primer should be followed b 3 ^ one or two coats of a good finish paint. Where 
protection from corrosion is the main re.=ult de.'^irod, aluminum pigmented finish 
coats are generalh' the most satisfactor 3 ’’. The anodic or surface conversion coatings 
make excellent paint bases. Therefore, for finishes of the highest protective value, 
such coatings are often applied prior to priming and painting. 

R. R. Mears, R. H. Brown, and R. H. Uix, Jr.. Sumponum on Strein-Corronon Cracl-ina of Melah 
[Wii), p. 323, .American .Society tor Testing Materials and American Institute of ^fining and Metal- 
lurgical Engineers, Philadelphia and New York, 194.1. 
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Metal 'pray coating* ha\e received limited use la protecting aluminum ba^e ano3’s 
If coatings of metaLs cathodic to aluminum are used <e\ ere gah anic attack at pores 
in the coatmgs is Iikelj to de\ elop Thus *pra3 coatings of copper bras nickel iron 
tm or chromium are not genetaU> u«ed on. aluminum base alloj's Spraj coatings 
of cadmium or zmc do not haie thia disadiantagc «ince thej either have the ®ame 
«oIution potential as the alummum ano3 base material or else are anodic to it To 
«ome extent coatings of the*e latter metals compete with Alclad aluminum allo3’s 
Mhereier a uitable \lclad alloy product can be obtained it is generally better to 
u-e it rather than to applj a nnc or cadmium 8pra3 coating The Alclad product will 
probabl) be cheaper than the metal-*pra5 ed product and will also generall3 be 
at lea't as resutant to attack 

Eiectrodepo*5ted coatings are generan3 applied to aluminum base al!o3’s in order 
to achieie certain decoratiie effects or to obtain some special property *uch as ease 
of soldering or abrasion resntancc Such coating are not used in general to gi%e 
protect on from corrosion As is the case nith «pra3 coating® elcctrodepo'ited coatings 
of the metala cathodic to aluminum will reault m se\cre undermmmg of the coating 
and attack of the aluminum ano3 ba'e at an3 di continuit3 jn the coating when the 
article is expo ed in a corra.i\e eniiroDment In mild expo ures such coatings ma3 
have the ads antage of retaining a bnght surface appearance when aluminum itself 
would dwcolor 


BERYLLIUM 
W J Keoll* 

This element ha* properties in common with magnesium aluminum and silicon 
It is easih attacked b} mtocral acid including b3drofluonc and mtne acids and 
8lowl> forms «olubIe ber3lliates in «trong alkalie* Despite the fact that its oxide 
has a high melting point it does not improie the heat renstmg properties of allo3s 
and steels to an3 degree of commercial importance t The metal has been rolled, but 
it la bnltle in the cold state 

The corro ion data gii en below refer to co'stalline powder the properties of which 
iar3 greatly with the ph3®ical «tate and bneness of the matenal The rolled metal 
la probabb more re'i'tant to attack 

Ben Ilium is 'lightb tarnthed m air Oxidation is slight up to d00®-500“ C 
CoQ” 930“ F) At 800“ C (1470“ F> the oxide forms more readib and burning 'tart^ at 
1200“ C ('’200“ F) The behavior IS analt^ous m gen but temperatures are lower 

The nitride forma m the presence of nitrogen at 500“ C (930® F) HC\ and CO 
aLo react the latter forming a catbide Hvdrogen does not react with bci^Uium 

Cold and hot water do not attack the metal but «team reacts at elevated tem 
peratures Molten alkalie® react explo iveb 

Fluorine reacts at room temperature (Hilonne bromine and iodine react at 
elev ated temperatures as do bO" H'»S and the elements sulfur selenium tellurium 
boron ar'enic and phoTihorou® 

Concentrated mtric acid when cold does not attack the metal but reacts violentb 
when hot Hjdrochlonc acid of any concentration di5>-oUes berj Ilium rapidlj, as 

• Consultmg IfetalluTEist Albany Oregon 

t It u stated that as Lttle as OOOl'c beiylhum added to A S T M \o 4 magnesium alloy (6% A1 
0^*0 Mn 3% Zn) raises the approximate ismtton temperature from {>S0®C (lOSO® F) to over 800“ C 
(1470* F) (I*. Carapella and W ®haw ilctalaandAHost S2 415 (194o] ) Enron. 
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does hydrofluoric acid. Concentrated sulfuric acid reacts slowly, but the dilute acid 
more rapidly. Acetic, citric, tartaric acids react, but the action stops after a time. 
Most of the heavy metal chlorides in aqueous solution are reduced. Caustic solutions 
such as 10% KOH dissolve the metal slowly. 

GENERAL REFERENCE 

Gmelin, L., Handbuch der anorganischen Chemie (26), 8th Ed., pp. 68-71, Verlag Chemie, 1930. 

CADMIUM 

See Cadmium Coatings, p. 837. 

CHROMIUM 

See Nickel and Chromium Coatings, p. 824. 

COBALT ALLOYS 

W. A. WiSSLEH* 

Cobalt is so similar in chemical properties to nickel, and at the same time so much 
more costly, that it is seldom, if ever, used as a pure metal. It cannot be classed as 
highly corrosion resistant. 

A series of cobalt-base alloys containing chromium and either tungsten or 
molybdraum are produced commercially .t In general, the chromium content ranges 
from 25 to 35%, the tungsten from 0 to 20%, and the molybdenum, if used, up to 
'6%. Carbon is present in amounts of 0.20 to 2.50%. Iron, manganese, silicon, and 
nickel are always present in small amounts as impurities, but may be added to confer 
special properties. ' 

The particular advantage gained by the use of cobalt as the base instead of iron 
is that the resulting alloy possesses a high degree of red hardness, or, in other words, 
remains much harder at elevated temperatures than alloys of similar composition 


Table 1. COMPOSITION OF COBALT-BASE CORROSION-RESISTANT 

ALLOYS* 



No. 8 1 

No. 6 

No. 12 1 

No. 4 

No. 1 

Star J 

Chromium 





31 

32 

Tungsten 



8 

14 

13 

17 

Carbon 


1.10 


0.60 

2.50 

2.40 

Cobalt 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Hardness, Rockwell C 

35 

40 

48 

50 

54 

61 


• Haynes Stellites. 


having an iron base. This property makes it highly suitable for resistance to wear, 
which is usually accompanied by high local surface temperatures, and also for use in 
valves and similar parts operating at elevated temperatures. However, this same 
property makes forging and rolling operations very difficult, and only the softer 
grades can be worked. In Table 1, a number of standard commercial alloy grades are 
arranged in the order of increasing hardness. Of these, No. 8 and No. 6 can, with 
some difficulty, be forged, rolled, and machined. 

• Union Carbide and Carbon Research Laboratory, Niagara Falls, N. Y. 

t Haynes Stellite, registered trade mark, Haynes Stellite Co., Kokomo, Ind. 
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Although the®e allots ha’-e often, been called stainless motals because they retain 
tlieir luster in the atmosphere they are not commonly used solely for resistance to 
corro'ion Their high cost, together with the difficulty of working, make them 
uneconomical for such u-es, onle-^ abrasive conditions axe aKo present Since the 
allojs are hard and near resistant, there are a number of applications in which they 
are u-ed to withstand the combination of wear and corrosion A typical example is 
the Ao 4 grade which lo being u«ed as cas ting s for dies and other tools U'ed in the 
forming and handling of filling mixtures of the ordinarj electric dry cell It lo 
estimated that the life is from four to eight times that of the steels formerly Used 

Table 2 EIGHT LOSSES OF CAST Co-Ci-W ALLOYS (STELLITES) 

IN ACIDS S\LTS. AND NaOH 

tt eight Loss ta mdd* 

Sue of Bpeeimen — 2 5 X50XO0cfn(tX2XJ4in) 

Surface preputaiiOD — unknoltn 
V etoe ty and aeration — nat convection 
Duration of teat — Is lir 


Corrosive Med um 

Wi % 

Temp 

Alloy Grade No f 

AlloyGrade No 1 

Sulfuric acid 

10 

Room Temperature 

2 4 

*t 



Hcnhric 

3S,HT0 

1 330 

Nitno acid 

10 

Dolling 

2 

21 0 


Cone t 


12 010 

1 >to 

Hydrochloric acid 

10 

Room Tenperaiure 

I 2C0 

140 


10 

Boiling 

12 32(3 

20 090 


Cone 

Boiling 

1 CSOOOO 

2 520 

Chlorine in water 

Saturated 

RoomTemperature 

1 820 

X 

Pboephone Mid 

dS 

Boilisg 

0 % 

119 

Acetic acid 

10 

Doiliog 

lb 8 

X 


Cone 


21 0 

X 

Feme chloride 

10 

Room Temperature 


X 



Boding 

12 04(3 

SOI 


30 

Room Temperature 

3o70 

X 



Bolling 

37 2oO 

7(300 

Cupnc chlonde 

10 

Room Temperature 

567 

z 



DoiUng 

C 230 

17 010 

Feme Bulfate 

10 

Room Temperature 

7 0 
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Bolling 

11 9 
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‘'odium hydroxide 

10 

Dolling 

249 

70 

Sodium bichromate 

20 

Boiling 


* 


• These corrosion raica do not iDClode pitting coneerouig which inlormation la not available Of the 
media listed above pittioE might be expected in feme and cupnc cUorides and m CJj sat d n ater Hefer to 
Ptilinc tn Shunless Steels and Other Fasnte 'MetaU, p 165 EoiTOs. 
t f — no measurable loss. 
tConc — conupereial concentrated. 


Dilute aqueou-? ^lolutions containing o^gen, including potable waters, do not in 
general affect the alIo3 5, but water containing chlorine and hypochlorites may 
slowl> produce corrosion accompanied by pitting The allojs are attacked by solutions 
of "trong acids, alkalies and some heax-y metal salts, tjpical examples of which are 
giten m Table 2^ 

Ero ion tests hat e been made to establish the comparatit e value of t arious allojs 
* Propertiee of llajnes S’leflUc Alloys Haynes Stellite Company Kolconio Ind. 
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for use as steam turbine blades. Samples of commonly used metals were fastened to 
a rotating fixture in such a way that at a peripheral speed of 1200 ft per sec (366 
meters per sec) they met and passed through a %-in. jet of water. The erosion of 
samples sheathed with No. 6 alloy, as measured by loss in weight, was 0.03% per min, 
and less than that of 12% Cr (0.2%), tantalum (0.35%), 5% Ni steel (0.4%), and 
Nitralloy (0.1%).^ 

Very little attack occurs on exposure to mine waters, sea water,* and boiler waters 
at ordinary temperatures. Conditions in boilers and especially superheaters that 
allow sodium salts to accumulate and fuse will cause corrosion of these alloys, used, 
for example, as valve facings. 


ATMOSPHERIC CORROSION 

The reflectivity of polished surfaces of these alloys is about 65% that of silver.^ 
This degree of refleetivit 3 ' is unaffected by exposure to both inland and marine 
atmospheres. In severe industrial atmospheres, darkening by a dirt film would 
probabl}’' take place as with other materials. It is expected that luster in this instance 
could be restored simply bj’’ cleaning off the dirt."* 

As the grade usually employed. No. 8, is reasonably resistant to surface abrasion, 
it has been widely used for reflectors of arc lights and similar applications. In one 
test, it was found that two reflectors, after having been exposed 18 months to the 
marine atmosphere of Kure Beach, N. C., showed an average reflectivity of 62.3% 
before being cleaned and 63.5% after being cleaned.’* 


ALLOY OF 65% COBALT, 30% CHROMIUM, 6% MOLYBDENUM 

The 65% Co-30% Cr-5% Mo alloyt is one of the softer .alloj's used for dentures 
and inserts employed in repairing or replacing bones of the human body. Surgical 
parts inserted in the body are allowed to remain in place permanentlJ^ Dentures and 
surgical appliances have shown no pitting or loss of luster after years of service. 

Corrosion tests simulating body and mouth conditions have been made at about 
body temperatures (37.5° C, 99° F) for 30 daj's in aqueous solutions containing 10% 
sugar, 10% lactic acid, vinegar, and ammonium sulfide. No weighable loss or pitting 
occurred. In dilute hydrochloric acid (5.8 ml of concentrated acid to 500 ml of 
water or about 0.014 N) the loss was 0.59 mdd ormr a 30-day period.^ “Passivating” 
with nitric acid avoids an initial corrosion loss which may occur in some media. 

When galvanically coupled with aluminum, copper, nickel, tin, dental amalgam, 
and silver in 1% NaCl, the corrosion rate of the Co-Cr-Mo alloy is unaffected, at 
least in short-time tests. No weighable loss occurs for either electrode of couples 'with 
gold or 18-8 stainless steel immersed in 1% NaCl for 4 days.^ 

* In fea water. Stellites are susceptible to contact corrosion and pitting. See pp. 417-418. 

t Vitallium. 

^C. Richard Soderberg, “Turbine Blade Erosion,” Elec. J., 32, 533 (December, 1935). 

®W. Coblentz and R. Stair, J. Research Natl. Bur. Standards, 2, 343 (1929). 

* Private Communication, F. L. LaQue, International Nickel Co., New York, N. Y. 

® A. W. Merrick, Cobalt-Chrome Alloys in Prosthetic Dentistry, published by Austenal Laboratories, 
New York, N. Y. 
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COLUMBIUM 
Cl.U!Ence W B«xe* 

Colmnbiuia i- higbly rei^ant to co’to®!©!! only at ordinary temperatures An 
mcr^as** of temperature to lOQ® C (210® F) result* in a greatlv increased corroaon 
rate It is much mo-e actn e than tantalum and much more 'Urfeptible to hydrogen 
emb’ittlement 

The metal med in th® tfet* repoHed below waa in the form of thin annealed «heet 
It contamed a mall amojnt oi tantalum, and trace* of titanium iron, and carbon. 

CORRO'ION 1\ AQUEOUS hlEDU 

The result- oi labomto^ lets vnlh the common acids and alhabes are presented 
m Table 1 HidroSuonc acid o' a zniiture of HF and HNO*, dia.ohes the metal 

Table I C0P.R0=^0\ OF COLCPVtBimi IN ^ iRIOtJS MEDIA 
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completely. In many cases, even where the weight loss is small, the metal is rendered 
brittle. In addition to the substances listed in the table, numerous sodium salts, 
lactic, acetic, and perchloric acids, 5% phenol solution, and various acid inks have 
been tested at 22° C (72° F) for a period of 82 days. In these cases there was no 
change in weight or deterioration of the specimens. 


ATMOSPHERIC CORROSION 

In 1931, plates of twelve metals were fastened to a marble slab with Bakelite pins, 
and exposed on the outside of a factory building at North Chicago, Illinois. A near-by 
chemical plant frequently contaminates the air with chlorine, HCl, and HF. Examined 
thirteen years later, the tantalum showed no tarnish; the columbium was still bright 
but showed a slight tarnish. Tungsten and then molybdenum showed more color and 
tarnish in that order. The remainder of the metals were black and appreciably 
corroded. 


COPPER 

R. A. Wilkins* and R. H. Jenks* 

Electrolytic tough pitch copper is the type of copper most widely used in the 
United States. However, there are a variety of commercial coppers and certain 
modified forms of electrolytic copper that are also of industrial significance. 

There are several types of fire-refined copper characterized by the presence of 
moderate quantities of minor impurities, notably arsenic and silver. There are 
synthetic Lake coppers usually comprising electrolytic copper to which arsenic oi 
silver has been added in small amounts. In addition, there are the oxygen-free coppers 
where the refining and casting procedure has been altered to provide a material 
substantially free of oxygen and possessing high electrical conductivity as distin- 
guished from the deoxidized coppers in which oxygen has been substantially removed 
by the use of a deoxidizing element, such as phosphorus. 

Table 1 lists t 3 ’’pical compositions of some of the commonlj’’ encountered com- 
mercial coppers and Table 2 some physical and mechanical properties. 

All these coppers have varying characteristics, particularlj’’ with respect to certain 
plu'sical properties. However, this variation does not extend in anj^ broadly significant 
waj' to the matter of corrosion resistance; hence this discussion is generally applicable 
to all the types of copper enumerated above.i 


AQUEOUS MEDIA 

The electrode potential of copper in both aerated and air-free aqueous solutions is 
cathodic to the reversible hj’^drogen electrode, except in veiy strong acid solutions 
(above bN). Ordinarilj’^ the reduction of H+ ions is not possible as a cathodic 
reaction, and in the absence of oxygen no local action process is available to provide 
metal solution. Therefore, generally speaking, copper is not appreciably corroded in 
the absence of oxj'gen. In aerated natural waters low in anions and dissolved carbon 
dioxide, a protective film of cuprous oxide and cupric hydroxide is formed on the 
copper which appreciablj’ retards its rate of corrosion. 

* Research and Development, Revere Copper and Brass, Ino., Rome, N. Y. 

' J. L. GregR, Arsenical and Argenliferous Copper, pp. 27-'t0, Chemical Catalog Co., New York, 1934, 
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TABtE 1 TYPICAL COMPOSITIONS OF COPPER 



Oxygen Free 

Electrolyt e i 


Natural 
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(Retnelted | 

Prime Lake | 

Areenical | 

Casting 


Conductivity 

Cathodes) 


Lake 



99 9S 

99 9o3 

99 02 

99 88 

09 41 


0 002 

0 0018 

0 03 

0 03 

0 01 


0 0004 

0 001 

0 0000 

0 0000 

0 Oo 
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0 0000 

0 0000 

0 0000 

0 01 


0 000$ 

0 0000 

0 0020 

0 0400 

0 02 


0 002$ 

0 0009 
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0 0000 

0 Ou 
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1 0 0031 

0 0026 

0 0000 

0 0000 
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0 0020 

0 0020 


Nickel 

0 OOIC 

0 00^ 
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0 0015 

0 15 

Sulfur 

0 0025 

0 002G 

0 OOls 

0 OOIS 

0 002 

Oxygen 

1 0 0000 

0 0315 

0 0130 

0 0450 

Trace 
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0 0015 






Table 2 TYPICAL PinSICAL AND MECHANICAL PROPERTIES OF 
THE COPPERS 


Property 


Mater al 



Electrolyt e 
Copper 

Pliosphorised 

Copper 

Arsen cat 
Copper 

ArgenCiferoiu 
Copper 
(4 12 ox Ag 
per ton) 

Melting point — •C 

1081 

1083 

1080 

1 083 

•r j 

1981 

1 081 

107b 

1081 

Density — Ib/cu in 

0 322 

0 323 

0 323 

0 322 

grams/ce 

8 91 

8 01 

8 94 

8 01 

Coeffic ent of thermal expansion —20* to 300* C 

1 77 X 10-* 

1 77 X 10 * 

1 77 X 10-* 

1 77 X 10-* 

Eleetr cal conductivity — % lACS 

Thermal conductivity — gram eai/(*ee) (eqemi 

101 

8o 

oO 

101 

(' C/cm) at 20* C 

0 931 

0 81 

0 40 

0 931 

Modulus of elasticity — psi 

1 7 X 10’ 

1 7 X 10’ 

I 7 X 10’ 

1 7 X 10’ 


SO 000 


52 000 


Tens le strength* — psi'^ 

32 000 

J2 000 

33 000 

32 000 




4K000 


Yield strength* — psi| 

10000 

10 000 

10 000 

10 000 


6 


6 


“•'‘“'■““'“'"■'l Soi. 


4o 

1 

! ij 






Rockwell llardness'l 

40 F 

40 F 

\ 42 F 

401 


•For strip 0 040 in thick. 


Natural Waters 

The rate of corrosion of copper in nater largely depends on the rate of diffusion 
of oxjgen to the metal liquid interface Any factor which changes the solubility of 
oxj gen in a solution will of ncces^ty change the corrosion rate It would be errone- 
ous to a=surae, howeier, that the corrosion rate is directly proportional to the 
dissolved oxygen since the proportionality probably exists only if the chemical and 
phjsical characteristics of the solution either prevent the formation of films or permit 
the deposition of exclusively non-protective types In solutions wherein protective 
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metallic compounds are capable of existing, oxygen performs a dual role — promoting 
corrosion by its reaction at cathodic areas and retarding it by formation and main- 
tenance of protective oxygen-bearing primary films and secondary corrosion layers. 
Thus a limited amount of dissolved oxygen at the copper surface may constitute a 
more corrosive condition than a more ample supply 

Natural fresh waters generally promote the formation of protective coatings on 
copper. Actual rates of corrosion are usually very low; consequently copper is widely 
used in water lines, water tanks, and heat exchangers. 

With very soft waters (rain water and some mineral waters) characterized by low 
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Fig. 1. Copper and Oxygen Contents of Tap Water Containing Varying Amounts of Added 
Carbon Dioxide, After Standing for Different Periods of Time in Copper Pipes at 20° C. 

I . . . 45 mg CO 2 /liter 
II . . . 180 mg CO 2 /liter 
III . . . 210 mg CO 2 /liter 


permanent hardness in combination with high carbon dioxide and oxygen content, 
the rate of corrosion may become excessive^ (Fig. 1). The carbonic acid formed, even 
though a weak acid, prevents the formation of the protective films ordinarily 
developed on copper. The activity of carbon dioxide in such waters can of course be 
reduced or prevented by appropriate treatment of the water. (See Hot and Cold 
Water Systems, p. 496.) 

° R. A. Wilkins, E. S. Bunn, and W. Lynes, Proc. Am. Petroleum Inst., Tenth Midyear Meeting, See. Ill 
21, 46-57 (1940). 

^ L. Tronstad and R. Veimo, J. Inst. Metals, 66, 17—32 (1940). 
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Other constituents such as acids metallic chlorides ammonia and hydrogen 
sulfide occasionallj present in natural waters may also accelerate corrosion 

Sea Watek* 

Copper withstand? sea water corrosion ns satisfactorily as any commercially 
nailable metal provided that relatne \elocitj with respect to the water is low 
It IS w'ldelj u ed for manne applications Generally copper is corroded at a low, 
uniform rate amounting to approximately 0002 ipy Analysis of the corrosion products 
on copper expo cd to sea water shows them to be visually a mixtuie of cupric 
oxvchloiide cupiic hydroxide basic cupnc carbonate and calcium sulfate Cuprous 
oxide al o occuis txpically as a distinct layer adjoining the metal The protective 
\ alue of 'uch a «cale formed on copper is generally much greater m stagnant or 
slowly moving water than m rapidly moving waters 

An interesting and traditional vi o of copper in contact with sea water is exemplified 
by the 'heathing of wooden vessclo for the dual purpo«e of protecting the wooden 
CQn«truction and eliminating the fouling of the bottom by marine growths Copper 
m this application possesses adequate resistance to the corrosive attack of sea water, 
but at the same time theic is «low colution of copper sufficient to prevent the growth 
of barnacles and «imilar marine organisms The function of copper m this re*pect is 
recognized by the inclusion of copper compounds iQ marine anti fouling paints (See 
Anti fouling Mcaturcs p 441) 

Steam Covdevs^tes 

As with natural waters carbon dioxide in combination with oxygen ire the 
constituents that render steam condensates corro lye to copper With boiler water 
that IS properly treated chemically or is naturally non corrosne no significant 
corrosion of copper tubes occurs on the steam «idc The primary con«ideratioii in the 
selection of a heat exchanger tube is the corrosiveness of the cooling water under 
the conditions of velocity and temperature anticipated, rather than the action 
of condensate 

V> here condensate is fed back to the boilers conditions must be maintained that 
will prevent appreciable solution of copper m the condenser regardless of whether 
such solution IS of significance with respect to the life of condenser tubes Copper «o 
di oohed can redepo«it on boiler tubes resulting in galvanic corrosion of the tubes 
with serious consequence t 

XI sfioufd' 6e recognized' however tfiat ffie use ot* copper m tfie form of eond'enscr 
tubes IS limited and that where the usual alloys of copper are utilized, this particular 
type of corrosion difficulty is minimized 

Acids, Sxlts, A^D Bases 

Copper IS substantially resistant to the chemical attack of a large number of acids, 
sails and bases Attack by mineral and organic acids is dependent largely upon the 
pre«ence of an oxidizing agent in solution^ ® Solutions of non oxidizing acida con- 
taining little or no oxygen have little eoiTo=ive effect regardless of concentration 

‘Refer also to discussion begiamng p 393 and Table 3 p 394 

tThishas also occurred with ealvatuiedhotaatertankscoupledtocopperpipea (L. Kenworthy J InsU 
ifrtili 69 67 [1943] ) 

^ R P Russell and A White J Ind Eng Ckem 19 116-118 <1927) 

* G H Damon and R C Cross J Ind Eng Ckent 83 231 (1936) 
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Acids of inherent oxidizing capacity, such as nitric, sulfurous, concentrated sulfuric, 
and acids carrying metallic salts readily susceptible of chemical reduction, for example 
Fe+++, rapidly dissolve copper. Figure 2 shows the effect of dissolved oxygen on the 
corrosion of copper by dilute acids at room temperature."* * 

Copper is resistant to alkaline solutionst but not to those containing ammonium 
hydroxide or substituted ammonium compounds or cyanides. 

Copper has excellent resistance to most non-oxidizing salt solutions but low 
resistance to oxidizing salt solutions. Low concentrations of fendc, stannic, mercuric, 
cupric, and other ions that are readily susceptible of reduction, as well as complex 
or substituted ammonia ions, are a source of danger when present in otherwise 
non-oxidizing solutions.** Acid chromate solutions corrode copper rapidly. 



7o OXYGEN IN atmosphere 
IN CONTACT with ACID 


Fig. 2. Effect of Dissolved Oxygen on the Corrosion of Copper by Dilute Acids. (Temp. 
. . .room; duration of test . . . 24 hours. [In 02-free runs, duration was 2 days to 2 weeks.] 
O 2 -N 2 mixtures bubbled through acids 10 bubbles per minute.) 

Potential Behavior. Copper, when immersed in aerated aqueous solutions, tends to 
establish a potential which shows little variation with time or pH if a stable protective 
film is formed. When protective films, such as cuprous oxide, are not formed, the 
potential is generally displaced toward more active values.^ Figure 3 shows the 
effect of time on the electrode potential of copper in various solutions of HCl 
at25°C (77° F) .8 

* Data for copper immersed in acetic acid are given in Table 6, p. 108. 

t Reported rates in hot concentrated caustic soda up to 400“ C (750° F) range from 1 to 120 mdd. Refer 
also to Table 7, p. 108. Editor. 

®R. J. McKay and R. Worthington, Corrosion Resistance of Metals and Alloys, pp. 406-430, Reinhold 
Publishing Corp., New York, 1936. 

* N. D. Tomashov, Compt. rend. (Dokl.) acad. sci. U. R. iS. S. (N. S.), 23, (7) 649-652 (1939). (In 
English.) 

* O. Catty andE. C. R. Spooner, The Electrode Potential Behaviour of Corroding Metals in Aqueous Solu- 
tions, pp. 182-252, Clarendon Press, London, 1938. 
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ORGANIC COMPOUNDS AND GASES 

The resistance of copper to attack by organic compounds is varied by the role 
which complex anions and cations play Manj of the chlorinated and halogenated 
hydrocarbons react with copper In many caecs the action is accelerated by moisture 
free acid* free chlorine or bj decompo^ibon products formed by exposure to sunlight 
and heat 



Tio 3 Potentials of Copper m DCl Solulioos of ^ anous Concentrations 

Copper is widely u<ed m systems employing various organic refrigerants containing 
halogen atoms This use is entirely successful and devoid of difficulties arising as a 
consequence of corro ion The complete absence of moisture u essential to successful 
operation in such applications ^ 

At room temperature dry finonne chlorine bromine and iodine do not corrode 
copper approciabl> but are corrosite when wet Ammonia and sub tituted ammonias 
are corro«n e 

Sulfur and some sulfur compounds hat e a strong tendency to corrode copper 
IMPINGEMENT ATTACK 

Impingement attack (erosion corrosion) occurring at high water t elocities will 
frequently cause failures where copper olhenvi^e is not susceptible to failure ^hen 
impmgement attack i* anticipated means of reinforcement or protection should be 
emplojed or preferablj an alloy of copper should be used (see pp 76 93 100 393) 
which posses-es adequate re*i. tance to thio type of corro ion 

GALVANIC COUPLING 

I\hen copper and a metal more active m electrochemical potential are coupled 
m an electrolyte or when solutions of copper salts come m contact with such a metal 
corrosion of the metal maj be stimulated In exposure to the milder types of aqueous 
solutions such as rain water and other fre'h watere dilute ®alt solutions and moist 

•j W Mellor Comprehennte Trealue tm fjuirffanic and TAeerettcal Chem sin/ \oL3 pp 69-104 Long- 
man* Green and Co New York 1941 

G D Bengough and R Mav J Jntl ifelOtt 9t 81 269 (1924) 
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atmospheres, the galvanic attack that results when copper is coupled with copper 
alloj’s, or with nickel, lead, and tin is usually negligible. Copper when coupled with 
iron and zinc has a tendency to accelerate attack of these metals. 

Contact of copper with aluminum, magnesium, or zinc under corrosive conditions 
should be a'l’oided. In industrial applications, galvanized steel or iron has been 
subject to failure as a consequence of couples involving copper.ii 


MECHANICAL AND METALLURGICAL FACTORS 
Corrosion Fatigue 

Corrosive types of fresh water may reduce the fatigue durabilitj’’ of copper per- 
ceptibly. As might be expected, the corrosion fatigue of copper is usually more 
marked in salt water or other strongly corrosive solutions than in fresh water. 
Copper is peculiarly sensitive to the so-called notch effect when in the hard condition. 
This sensitivity is drastically reduced when in the soft or annealed condition .12 

Effect of Arsenic 

There is some evidence that arsenic as it occurs in Lake copper, or in copper to 
which it is intentionally added, exerts a moderatclj' beneficial effect in improving 
the resistance to certain t3’pcs of corrosion, notablj' that of sea water. The presence 
of arsenic also reduces the tendency of copper to scale at high temperatures. 

Effect of Cold Work 

The varjdng commercial tempers in which copper is supplied arc the consequence 
of varj'ing degrees of cold work. With respect to corrosion, the temper so induced in 
copper is of no significance, except as tempered copper might be coupled with 
annealed coiipcr. In this event, slight potential differences exist which can, under 
proper conditions, lead to preferential corrosion of the hard metal. 


SOILS 

Copper is resistant to the corrosive action of most soils. However, soils with a high 
content of organic matter or alkaline soils, in which the ratio of chlorides and car- 
bonates to sulfate is high, ma.v be corrosive. Copper should not be embedded directlj' 
in cindem or in tidal marshes where it maj' be subjected to attack by sulfur 
compounds. 


ATMOSPHERIC CORROSION 

Copper in exposure to the atmosphere slowlj' develops a thin, protective coating 
or patina, but otherwise is resistant to atmospheric attack. The green patina devel- 
oped on copper consists essentiallj' of ba.«ic copper sulfate except at the seaboard, 
when it is accompanied by more or less copper oxychloride. The stable basic sulfate 
is ehcmicalh’ the same as the mineral brochantite, which is extremelj’^ rc.sistant to 
atmctepheric action. Sulfur compound.s derived from products of combustion 

” U. B. Hvan?. Metallic Corrosion Pa^nTttu find Protection, p. 529, Edward Arnold and Co., Ix)ndon, 1937 
D. J. McAdam, Jr., and R. W. Clync, J. Retatrch Xatl. Bur. Standards, 13, 527 (1934). 
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(especially sullur dioxide) and disbemmated by wind are necessary agents in tbe 
de% elopment of the green patina At relatn ely long distances from urban areas or the 
sea the formation of the green patina ceases After a long period of exposure, some 
70 or SO jeare, the compoMtion of the patina becomes stable or mineralized, after 
which no further change takes place 

With copper, as with other matenals, the lack, of proper proii'ion for expansion 
and contraction of the metal with temperature changes m conjunction nith mild 
atmospheric corro'ion can lead to coiTO«ion fatigue failure Adequate pro\i«ion3 for 
such expansion and contraction and the use of sufficiently heavy copper should 
always be made, particularly in the design of structures utilizing extended areas 
of metal 

While normal atmo^pherca, or e\en industnal atmoaphere®, do not present condi- 
tions which of themselves will cause corro<ion of copper to the point of failure, there 
may be complicating conditions arising from the nature of the structure that lead 
to active corrosive attack Tor example, a “line" corrosion can occur where water is 
retained by a heavy solder seam or held by capillantv along a shingle line, with 
consequent establishment of an OJOK*^" concentration cell and corrosion of the copper 
Vn Qv erhangmg structure leading to dripping on a copper surface may result in a 
combination of ero-ion and corrosion, particularly in mdustna! areas where the 
dripping water is likely to be conlaminaled with combustion products 


Tasu. 3 TYPICAL USES OF COPPtR IN CHEMICAL EQUIPMENT 


FbenoLe re«iu 
Soda pulp 


Etpixpmtnl 

Suits, fr»«tiona(iO( column*, condenser* 
Csustie evaporators 


Copper nitrate 
Copper sulfate 
Potassium b>dro(ide 
Sodium hydroxide 

\cetiB 

Citnc 

Fatty 

Gslbs 

Oxalic 

Fhtbahs 

Salieylio 

Tannic 

Alcohols 

Etb>l 

EtbjUne glycol 
Gljccrol 
Isoamyl 
Isobut}! 

Isopropyl 

Methyl 

Formaldehyde 

Glycerol 


Pipuig. storace 
Evaporator tubea 
Evaporator tubes 

Stills 

FJters. pipiDC 
Fipioe. stills 

Evaporators 

Evaporators 

Stills 

Evapontlora, piping 
Autoclaves 


Coils, kettles, pumps, stills, storage 


Stills reactors, storage 
Condenser tubes 


' tv H. J Vernon and L Whitby, J Inti JTetals. 4S 181-197 0929) 
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COPPER-ZINC ALLOYS* 

C. L. BuLO'ni" 

Compositions 

Brass is an alloy consisting of a solid solution of zinc in copper. The braisses range 
from about 45% copper up to almost pure copper, with accompanying noticeable 
variations in the phj'sical properties. 

There are hundreds of modifications of the brasses,^ most of them consisting of the 
addition of 0.1% to approximately 5.0% of fifteen diSerent elements, added singly 
or in combination. The elements and the more commonly used concentrations are 
tabulated below. Not all these elements are commonly added to commercial Cu-Zn 
alloj's, however. 


Lead 

Almninum 

Tia 

Nickel 

Iron 

Silicon 

Manganese* 

Phospliorua 

Arsenic 

Antimony 

Gold 

Bismuth 

Vanadium 

Tungsten 

Chromium 


Percentage 
0.1 to 12 
0.1 to 3.0 
0.5 to 6.0 
0.5 to 10 
0.1 to 2.0 
0.1 to2.0 
0 .05 to 5 
0.01 to 0.10 
0.01 to 1.0 
0.01 to 0.1 
0.5 to 1.0 
0.1 to 3.0 
0.1 to 0.5 
0.1 to 2 
0.05 to 0.5 


(sometimes up to 30) 


(sometimes up to 25) 


Many of these added elements render the alloys tmsuitable for cold working, but 
may increase the tensile strength of castings. Some castings, for example, have 
tensile strength values as high as 100,000 psi. The phj'sical properties of several 
of these alloys are described in the A.S.T. M. Standards on Copper and Copper 
Alloys. Properties of the common brasses and condenser tube alloi’s are h’sted in 
Table 2, p. 556. 

DEZIXCIFICATION 

' Many Cu-Zn alloys corrode in major part by a process called dezincification. (See 
Gloasart* for definition.) This occurs in local areas (plug tj-pe. Fig. IIB, p. 1108) or in 
broad areas (uniform laj'er type. Fig. IIA, p. 1108). As the name implies, zinc is lost 
from the allo 3 '^, leaving as a residue, or bj* a process of redeposition, a porous mass of 
copper having little mechanical strength. Soft watere especiallj* maj’ lead to coirosion 
failures from localized dezincification of the brases containing much zinc, such as 
Muntz metal (60% Cu, 40% Zn), non-inhibited aluminum brass (76% Cu, 22% Zn, 
2% .M), and jmllow bra.ss (67% Cu, 33% Zn) containing no dezincification inhibitor. 
Red brass (85% Cu, 15% Zn), Admiraltj* metal (70%; Cu, 29% Zn, 1% Sn, 0.05% As 
or Sb) and aisenical aluminum brass (76% Cu, 22% Zn, 2% Al, 0.05% As), generalh' 
resist dezincification in these corrosive waters, which explains their widespread use as 
piping materials. Where conditions are quite severe (i.e., where the carbon dioxide 

• The reader sTiould also consult Condenser Corrosion, p. 545. 

t Bridgeport Brass Co., Bridgeport, Conn. 

^ William Campbell, “A List of Alloys,” Proc. Am. Soc. Testing Materials, 30, Pt. 1, 335-397 (1930). 
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content of the water js high) the coating of these alloys with tin gives added 
protection 

In the process of localized dezincification porous plugs of copper may form in situ 
up to approximately 02 in in depth within one or more years Usually when plug 
type dezincification occurs m pipe lines the copper plugs or localized zinc-depleted 
areas deielop on the bottom side of horizontal runs of piping and m a random 
manner on \ ertical 'sections of piping and where the pipe sere vs into a fitting This 
condit on indicates that debris of one sort or another settling on brass surfaces or the 
presence of creiices (such as threaded joints) aids to initiate tl s localized corrosion 
Frequent!} plug type dezincification jn heavy wailed 3 cilow brass pipes may 
perforate the pipe wall whereupon the water oozes through the porous plug of 
copper to the exterior The water may evaporate leaving on the surface of the pipe 
a deposit of mineral matter in the form of a small nodule Sometimes the deposit 
will form a stalactite as long as an inch la most instances if these nodules or 
stalactites on the pipe line are not disturbed the leaking may stop and the pipe 
continue to gne service for many j ears after perforation of the pipe wallf Dgzmcifica 
tion th erefore is not alwa}s a ’^enous t}po of co rros ion the seriousness uei^ ds 
upon the rate ot dezincincation and the function of th^ brass part This type o f 
corrosion" ^ mOat troubl^^^me whe n it oc curs in tlircaded sjctiona becaugg^ t^e 
strength of The thread is lostw the filtmg~’^rFetf 2 es 

If the rate of uniform laj er type dezincification proceeds at a rate of 0001-<)003 
ipy a Muntz metal condenser tube with an initial wall thickness of 0065 m 
(0 165 cinl may have a service life of 20 to 40 years This length of life of Muntz 
metal tubes is commonly obtained m the Great Lakes region ond in the midwestern 
states 

Reduction of DEZiNcincA.TioN tbrough Aixottso 

A reduction in the zme content of the alloy decreases its susceptibility to dezincifi 
cation Brasee® for example containing more than 85% copper are practically 
imm me The addition of tin or arsenic (al«o antimony* and phosphorous) to the 
brasses containing more tl an 15% zinc usually ib quite elective in slowing up or 
inhibiting the dezincification reaction in frc«h waters and in sea water A few 
examples are Admiralty metal <1% tm) Naval brass (%% tin) arsenical aluminum 
brass (004% ar«enic) and arsenical Muntz metal (*A% arsenic) The'^e are appre 
ciably more re«i tant than tl e parent Cu Zn allovs free of the inhibiting alloy 
additions 


AQUEOUS MEDIA 

Dissolved Oxtgev and Other Gases 

Thq corrosion of copper base alloys in aqueous solutions is influenced considerably 
by the concentration of dissolved oxygen carbon dioxide hydrogen sulfide sulfur 
dioxid^ and other gases Isumerous investigations have revealed that concentration 
of di'smv ed oxygen in aqueous solutions controls the rate of corrosion Damon and 
CroNS^ clearly demonstrated that there is a close relation between the sulfuric acid 
concentra ion oSO'gen concen ration and the corroeion rate of copper alloys Tests 
conducted on capper m sulfuric acid solutions (at room temperature) freed of 

• It a atated that b eAuth (although related chem cally to ant mony) accelerate* dei nc ficat on of 
Munt* metal (W B Pr ce and R. W Bailey TVona Am InH JJin Vet Engrs 1*7 136 [19421 ) 

* G H. Damon and R C Cross Tnd Ckem 28 231 233 (1936) 
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air by boiling showed practically no corrosion at the end of 6 months.^ (See also 
Fig. 2, p. 65.) 

Sulfur dioxide dissolved in water is more active than dissolved oxygen since it acts 
as a mild oxidizing acid in a manner similar to nitric acid. 

The presence of carbon dioxide in aqueous solutions appreciably increases the 
corrosion rate. The corrosion products whch usually form on copper-base alloys are 
soluble in water containing carbon dioxide and may not have an opportunity, there- 
fore, to stifle the corrosive action. 

The presence of hydrogen sulfide in aqueous solutions (fresh and salt waters) 
accelerates the corrosion of some copper-base alloys by the formation of a voluminous 
non-protective (though only very slightly soluble) corrosion product. High-zinc 
brasses are more resistant to hydrogen sulfide than copper or the red brasses. 

Naturax, Fresh Waters 

The corrosiveness of natural fresh waters depends, in a complicated matter, upon 
the concentration of mineral matter, gases, organic matter, and debris. The sum of 
all the cations and anions gives the total mineral content of the water, which will 
vary from approximately 0.003% in fresh waters to 3.5% in sea water. 

The Cu-Zn alloys generally show very good resistance to most t 3 ’pes of unpolluted 
fresh water. The corrosion rates for these materials, in the absence of dezincification, 
average 0.0001 to 0.001 ipy. Non-scale-forming fresh waters containing aggressive 
carbon dioxide produce higher corrosion rates of high-zinc brasses often accompanied 
by dezincification. 

Mineral Scales. Dissolved salts in aqueous solutions vaiy considerably in their 
influence on the corrosion rate of copper-base alloj'S. For example, certain waters 
will deposit thin or thick mineral scales of variable composition on the metal surfaces 
with which those waters come into contact. (See discussion of saturation index, p. 502.) 
The most common scale found in water-heating coils, condenser tubes, and heat- 
exchanger tubes, consists essentiall 3 '- of calcium carbonate (CaCOa) formed by the 
decomposition of calcium bicarbonate, CafHCO.'Oa, at elevated temperatures. These 
scales frequently account for considerable stifling of corrosion. 

Unfortunately, the build-up of a thick mineral scale on the inside of a heater 
tube or heat exchanger tube seriousb'^ interferes with heat transfer. This loss in heat 
transfer may result in considerabb’’ higher temperatures on the metal surfaces facing 
the fire or hot vapors, which in turn lead to more rapid oxidation of the metal. Such 
failures are described as resulting from “overheating” or actual “burning.” 

Sea Water 

The corrosion rates of Cu-Zn allo 3 's in sea water, on the average, range from as 
low as 0.0003 up to 0.004 ip 3 % (See Behavior of Metals and Alloys in Sea Water, 
p. 393, particularb' Table 5.) The outstanding e.xception to this is the relativeb’^ high 
corro.sion rate (as much as 0.0085 ip 3 ' or higher) of Muntz metal, which suffers from 
rapid dezincification. Thi.s high rate of attack occurs with little or no change in the 
dimension of the Muntz metal part. The corrosion can be diminished considerably b 3 ' 
the addition of cither tin or arsenic to produce Nav.al bra.ss or arsenical Muntz metal, 
rcspcctivehv. The addition of these elements lowers the corrosion rate to 0.003 ipy 
or loss. 

Where dezincification is not a factor the corrosion rates for the allo 3 -s containing 
more than 65 7o copper are quite low. Over many years the 65-35 brass, 70-30 brass, 

* Onpublisliwl (l.ata of Bridgeport Company. 
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and Admiralty metal (70% Cu, 29% Zn, 1% Sn) have been widely used m the 
manufacture of condenser tubing Under some conditions of service, corrosion pro 
ceeds at rates averaging 0 001 to 0005 ipy The 0065 in gage condenser tubes last 
approximately 10 to 20 years Occasionally considerabb higher corrosion rates are 
encountered under debris which lodges in the tubes Under such conditions the 65 
to 75% copper brasses may fail from plug type dezineification at rales as high as 
0 050 to 0 100 ipy Admiralty metal subjected to the same conditions suffers similarlj 
Effect of Temperature Figure 1 shows the effect of temperature on the rate of 
corrosion of Admiralty metal m a 3% sodium chloride solution using an alternate 
immersion test In this instance, the depth of corrosion was measured in the pitted 


Fio 1 



Effect of Temperature on Rate of Corrosion of Admiralty Metal m 3% Sodium 
Chloride Solution 


areas which del eloped under a deposit of cotton (to produce an oxj gen concentration 
cell) It IS apparent that a temperature rise of flbout 20“ C (35“ F) will double the 
rate of corro ion Became of this influence of temperature, it la widely recognized that 
heat exchanger equipment opeialmg at too high a temperature may fail prematurelj 

The higher temperature of cooling waters (salt water or sea water) during the 
summer time contributes towards more rapid corrosion Instances ha\ e been reported 
where new condenser tubes installed dunngthe winter season ha\e gnen longer life 
than tubes installed during the summer Thi5 difference in performance occurs 
because of difference in the tjpe of protective film formed The corrosion product 
film which forms on metal m cold water is generally thinner and more continuous 
than one which forms m warm water 

* UnpubUshed data of Bndgeport Brass Company 
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In warm and hot water, the susceptibility towards pitting generally increases sub- 
stantially. As a result, the useful life of a metal part or heat exchanger tube may be 
considerably shorter than that indicated by the overall corrosion rate as evaluated 
by loss in weight or loss in tensile strength. Figure 2 shows the effect of seasonal 
variations in temperature and water composition upon the rate of corrosion.^ The 
increased corrosion coincided with the period when the water gave off an unpleasant 
odor (hydrogen sulfide and other gases) and when the normal green corrosion products 



Fig. 2. Results of Jet Tests Showing Effect of Seasonal Variations on Corrosion Rate of 
Admiralty Metal, Muntz Metal, and 66-33 Brass in Sea Water. (Morris.) (Averaged over 

three-year period.) 

which formed during the winter season changed into black copper sulfide. In some 
instances, 1 to 15 ppm of hydrogen sulfide have been found where rapid corrosion 
has occurred in copper-zinc condenser tubes and cast bronze impellers during the 
summer season. 

A similar effect of temperature is encountered in non-scale-forming fresh waters. 
Boiler Water and Condensates 

The comments which have been made in connection with the corrosion resistance 
of Cu-Zn alloys towards fresh waters and the discussion pertaining to the effect of 
temperature are of particular importance in considering the corrosiveness of boiler 
waters. Generally the copper-base alloys are not used in construction of boilers except 
as they are used for hot water heaters where relatively little corrosion occurs with 
copper or red brass. When excessively high temperatures (over 300° C[550° F]) or 
corrosive soft waters are encountered (high in dissolved CO 2 ), corrosion rates as high 
as 0.025 ipy hav’e been observ^ed. 

Steam condensates of adequately treated boiler water lead to very low corrosion 
rates of the Cu-Zn alloys, the corrosion rates generally being under 0.0005 ipy. With 

^ A. Morris, Trans. Am. Inst. Mining Met. Engrs., 99. 274 (19321. 
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untreated water the rates are increa-sed appreciably by condensates containing 
OX} gen carbon dioxide and sometimes ammoma Instances ha\e been observed 
where 30 ppm of ammonia in a steam conden'sate caused deep grooving of unstressed 
brass and stress corrosion cracking of stressed brass 

Mine TVaters 

The composition and pH of mine waters vary considerably, depending upon the 
nature of the coal ore rock and soil through which the water is seeping Such waters 
may be very corrosive even when the di«solved oxjgen content is low owing to the 
presence of ferric ion (Fe++'*‘) which acts as an oxidizing agent The corrosion rates 
of the Cu Zn allo}3 and the casting bronzes imder the«e conditions are considerably 
higher than the pH value alone would indicate (See Oxidizing Salts below) 

Dissolved Sv.lts, Acids, and Bases 
Non Oxidizing Salts 

Acid salts The acid non oxidizing «alts (the alums and certain metal chlorides 
such as magne'iurn chloride) which h>Urolyze to yield dilute acid solutions behave 
entiall} the same as dilute solutioDd of the corresponding acids The corro. ion rates 
of the Cu Zu alloy a range from 0002 to 0060 ipj 
Halide salts In neutral «a)t «olu(ion3 such a^ sodium chloride the corrosion rates 
of the brasoes range from 0001 to OOOo ip> at room temperature and at rates of 
000a to 00"o ipy at To” C (ro® F) (Refer al o to Table a p 396 ) In the tem 
peralure range of 20® to 75° C (70* to 170* F) the order of increasing corrosiveness 
of «odium halide eolutions towards Cu Zn allo}i> is as follows eodium fluoride (veiy 
low) eodium chlonde sodium bromide and sodium iodide (most corrosive) 
Ammonium chloride attacks Cu Zn allo}8 at rates of approximately OOaO ipy under 
stagnant conditions and at considerably higher rates when aerated or agitated 
Alk.alise salts The alkaline saU« such as silicates phosphates and carbonates 
at room temperature attack the Cu Zn alloys at rates of 0002 to 0005 ipy The 
addition of carbon dioxide to «odium carbonate solutions may increase the eorro'ive- 
ness to 0 010 to 0 020 ipy The alkali cy anides (2 A ) attack the Cu Zn alloys at rates 
ranging from 0 02o to 0 076 ipy at room temperature « 

Oxidizing Salts The oxidizing «alts such as fodium dichromate and the parent 
acid chromic acid corrode Cu Zn alloys at high rates The «alts of polywalent metals 
such as feme cupric mercuric and stannic «aUs corrode the Cu Zn alloys at rates 
as high as 0 02o in per day The salts of metala more noble than copper such as 
mercury and silver corrode copper and Cu Zn alloys at approximately the same rate 
The presence of a film of liquid mercury (produced by reaction with mercury 
salts) on brasses which are ^tressed internally or by applied loading may suffer from 
intercry«talline cracking The liquid mercury penetrates the metal preferentially 
along the gram boundaries The reaction with mercurous nitrate is iLed as a test 
for internal stresses in brass (See Tests for Stress Corrosion CrnclLtng p 1013 ) 

The alkabne hypochlorites attack Cu Zn alloys at rates ranging from 0 003 to 
0030 ipy 

Acids 

■Nitric Acm The Cu Zn alloys «how vety high corrosion rates m SA^ nitric acid 
(about 14 in per day} 2 N nitric acid at room temperature corrodes the brasses at 
approximately 05 ipy (% m roimd •spec 32 day test period) 

* UnpabUrfied data oJ Bjidgepoirt Brass Company 
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Hydrochloric acid. Hydrochloric acid is one of the most corrosive of the non- 
oxidizing acids when in contact with Cu-Zn alloys. The corrosion rates in dilute 
stagnant hydrochloric acid solutions may range from 0.0015 to 0.025 in. per day. Water 
lines tests (show effect of oxygen) conducted at room temperature in 2W hydro- 
chloric acid solution showed corrosion rates ranging from 0.03 to 0.06 in. per day. At 
elevated temperatures and high acid concentrations the corrosion rate is still higher 
and^may proceed with the liberation of hj'drogen. 

Sulfuric acid. Sulfuric acid attacks all the Cu-Zn alloys less rapidly than hydro- 
chloric acid. The average rate of corrosion in stagnant solutions averages about 0.003 
ipy in a 10% sulfuric acid solution at room temperature. At the water line in such a 
solution the corrosion rate may be as high as 0.50 ipy. The presence of an oxidizing 
agent such as ferric sulfate or sodium dichromate accelerates the overall corrosion 
rate approximately two to three hundredfold. Where the material is only intermit- 
tently exposed to the acid, red brass, copper, leaded bronzes, and the aluminum 
bronzes are frequently used for tie rods on pickling tanks containing 2 to 15% 
sulfuric acid. 

In the absence of oxygen the corrosion rate of the Cu-Zn alloys in dilute sulfuric 
acid solutions is practically nil. Hot concentrated sulfuric acid solutions rapidly 
attack the Cu-Zn alloys. 

SuLFUROUS ACID. Sulfurous acid solutions are actively corrosive towards Cu-Zn 
aIlo 3 ’S. The corrosion rates may range from 0.01 ipy at room temperature to 1.0 ipy 
at higher temperatures; and, in addition, pitting may occur. The corrosiveness of 
sulfurous acid is due to the fact that this acid acts as an oxidizing agent. 

Phosphoric acid. The corrosion rates at room temperature in relatively pure 
phosphoric acid solutions range from 0.001 to 0.20 ipy, depending upon the degree 
of aeration. Raising the temperature will increase the corrosion rate as much as 
tenfold to a hundredfold. The presence of oxidizing salts also increases the corrosion 
rate appreciably. 

Organic acids. Acetic acid and similar organic acids attack the Cu-Zn alloys at 
rates ranging from 0.001 to 0.030 ipy in quiet solutions at room temperature with 
limited aeration. Increased aeration and elevated temperatures may increase the 
rate of corrosion a hundredfold. Velocity of acetic acid relative to a brass surface 
increases the corrosion rate. 

Citric acid as found in orange juice attacks the Cu-Zn alloys at a rate of 
approximately 0.002 ipy. While this corrosion rate is low it is sometimes considered 
too high for foodstuffs because of the accumulation of metal ions. 

Patty acids. Patty acids rapidly attack the Cu-Zn alloys. Por example, in heat 
exchangers the corrosion rate ranges for 0.010 to 0.050 ipjL In some instances this 
rate of corrosion may not be objectionable, but where it is desirable to obtain color- 
less fatty acids the brasses are not used. Pure oleic acid in the absence of oxygen does 
not attack the Cu-Zn alloys. 

Alkalies. Alkalies attack the Cu-Zn alloys at rates of approximately 0.002 to 0.020 
ipy at room temperature under stagnant conditions. Increased aeration and elevated 
temperatures increase the corrosion rates from 0.020 to 0.070 ipy. Tests conducted in 
hot caustic liquors containing 10 to 50% sodium hydroxide and 5 to 16% sodium 
chloride showed that the corrosion rates for copper and Cu-Zn alloys ranged from 
0.017 to 0.024 ipy.'^ Purther work conducted in sodium hydroxide solutions containing 
wood extracts (black liquor) from a soda pulp mill indicated that the presence of 
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OTgamc mateTial in the oodiutn b^dionde solution increased the corrosion rate 
appreciably 

Amjiomim hydroxide Ammonium hydroxide corrodes Cu Zn alloys lery much 
more rapidly than the alkali hydroxide^ A 2N solution of ammonium hydroxide 
corrodea bra&ea at ratea ranging from 0072 to 0240 ipy at room temperature 8 The 
presence of apphed or residual stresses in the Cu Zn alloys renders them highly 
susceptible to stre s corro ion cracking m this medium (This is discussed further 
under Stress oppoaite page ) 


ORGANIC COMPOUNDS AND SOLUTIONS 
Formaldehyde di'^obed m water (3“% b\ weight) with 10 to 15% methanol 
corrode^ Cu Zn alloys at rates ranging from 0002 to 0001 ipy * The aldehydes such 
as benzaldehyde and butyraldehyde attack the Cu Zn alloys fairly rapidly m the 
pre>eDce of air at room temperature and with greater rapidity on warming This 
reaction will proceed in the presence or nbeence of toluene or cthy I acetate In the 
ab ence of air the corro'ii e reaction docs not take place ® 

Anti freeze «olutions con«i«ting of methanol clhinol or eth\Jene glycol with and 
without corrosion inhibitors corrode the brasses at rates ranging from 0 00002 to 
0002o ipr 10 

Dn carbon tetrachloride is not corro i\e towards the Cu Zn alloys The presence 
of moi ture results m a water layer which is acid and corrcbite The brasses con 
taming more than 20% zme in contact with moist carbon tetrachloride dezmcify at 
rates ranging from 0001 to OOoO ipv The organic chlorides such as ethyl chloride 
and methyl chloride attack the Cu Zn allovs at rery low rates (less than 0001 ipy) 
in the absence of moisture Tbetefote the brasses are widely used in the handling 
of chlorinated compound, 

The organic bromides bebai e m a manner similar to that of the organic chlorides 
The fluonnated organic compounds are practically without effect The copper alloys 
are widely u«ed in the construction of refrigeration equipment ming the fluonnated 
h^d^ocarbolla (eg CFnCl'- [ Freon 12 ]) as refrigerants 


VELOCm 

In many m.tsnc"s only a slight movement of the liquid is required to start the 
rapid locahzed corrosion of Cu Zu alloys at "uch areas es tube and pipe bends 
sermis and where the errr-s— Wticma'i area bi ldie piping system is suddeidy reduced 
(water box to tube^ in heat exchangers) In heat exchanger and condenser tubes the 
movement or turbulence of wafer at the mict ends of tubes frequently leads to 
localized corrosion commonly called inlet end corrosion When sand debris and 
gas bubbles are present the effect of x elocity becomes ev eu more 'senous For example 
when much entrained air i» present in the flmd stream pits that are undercut at the 
forward end may form at those points where the gas bubble^ impinge on the metal 
surface This corro'ion is usually called impinpement conoston or impingement 
atiacl Ar'enical aluminum brass 70-30 cupro mckel contaimng iron certain aluminum 
bronze’ and the high Im bronzes «bow good re-u-tance to this type of attack 

* 'CcipuWiihed of Bridgeport Br&ss Company 

*Tenncy L. Davis and Walter P Green Jr J Am Ckem Sor 62 3014-3015 (1940) 

D H Green H Lamprer and V E Smnmer J CAetn. Edve 18 4SS-492 (1941) 

“KarlS Willson WalterO Walker WlQiainR. R ndli and C X 'VfaTs Chen. Ens Aws 31 12o4- 
I’et (1943) 
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especially in sea water and other saline solutions. The unmodified binary Cu-Zn 
alloys do not stand up well in sea water and certain fresh waters under such condi- 
tions. (See “Copper and Copper Alloys,” p. 393, and Condenser Corrosion, p. 545.) ’ 

The effect of velocity on^corrosion by wet steam is discussed under the heading 
“Steam,” p. 83. 

, GALVANIC COUPLING 

Generally, the coupling of copper-base alloj's to one another does not lead to a 
significant increase in corrosion rate. A problem may arise with the galvanic coupling 
of a copper alloy to a less noble metal, such as aluminum, steel, and zinc, attended 
by increased corrosion of the latter metals. The electrical resistivity of fresh water 
is quite high, so that if galvanic corrosion occurs, the attack is localized near to or 
at the junction of the two metals, which at ordinary temperatures is not usually 
severe. In solutions of salts, acids, and bases with higher electrical conductivity than 
fresh waters, deep pitting may occur at the junction as well as some distance away. 

In practice, the coupling of copper alloys with iron is quite common in equipment 
handling fresh water and slightly corrosive liquids. For example, copper and brass 
tubes are used in conjunction with thick steel tube sheets in heat exchangers where 
river or lake water is used for cooling purposes. Steel tubes joined by bronze brazing 
are used in fresh waters. Steel and copper are coupled together in locomotive boilers.* 

Copper alloy rivets in aluminum in contact with salt water or marine atmosphere 
may cause considerable trouble. Cadimum plating of copper alloy aircraft parts is 
commonly used to prevent this. Steel piping in contact with brass or bronze valves 
may fail at the points of contact, especially in the threaded area. 

MECHANICAL FACTORS 

Stress 

Effect of Environment. The effect 'of applied or internal stresses upon copper- 
base alloys varies considerably, depending upon the composition of the alloy and the 
corrosive environment. Season cracks (the result of internal stress) may follow a 
zigzag^ pattern in a piece of cold-worked metal, such as a drawn cup or tube, eventu- 
ally forming a network of cracks. These cracks penetrate the metal and may finall}' 
allow pieces of metal to drop out. Sometimes hard-drawn brass tubing, or rod, will 
split open longitudinally. Laboratory tests reveal that stress corrosion cracks develop 
at right angles to the direction of applied stress. 

Experience over the years indicates that the presence of ammonia and nitrogen- 
bearing materials (amines, ammonium sulfate, etc.) plays an important part in 
producing many stress corrosion failures encountered in service. The contamination 
of a condensate on cold-stressed brass condenser ' tubes or basement water pipes by 
ammonia or ammonium compounds from impure steam or from the products of 
combustion (gas or coal-fired furnaces and water heaters) may lead to stress corrosion 
cracking. Stress corrosion rarely occurs in warm or hot tubes, plates, etc., because 
they are generally free from condensate. Severely stressed brass does not crack if 
e.xposed to air from which the common contaminating substances have been 
removed.i2 Considerable protection against cracking is apparently obtained if the 
stressed brass is covered with a continuous, non-porous, electrolytic deposit of nickel. 

• In some waters, a copper or brass, although not corroding at a rate in itself serious, may cause copper 
to deposit out at remote areas of iron or galvanized iron exposed to the same water. This may result in 
severe attack of the iron or zinc through localized galvanic contact with the deposited copper. (See Hot and 
Cold Water Systems, p. 504, and Copper, p. 64.) Editor, 

H. Moorel S. Beckinsale, and C. E. Mallinson, J, Inst. Metals, 25, 35-152 (1921), 
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Applied Stresses Ubere applied ‘streasea are imohed there is relatively little 
difference between allojs containing 60 70 gO and 90% copper according to the 
stress corrotsioo data of F g 3 The e data indicate that alJoj s in the critical range of 
64 to 6o9c copper «houId be ai oided where applied dresses and a corro«t\ e atmosphere 
are encountered in science 

Expenence has shown that the 90 10 and 8o 15 brasses are more resi-tant than 
high zinc brasses to «tre«s corrosion cracking when the stress is applied 



Fig 3 Kelation of Stress to Breaking Tune of Copper Zinc AU03 3 in Aloiat Air Contaimog 
Ammonia (Time of test 200 hours T S — Ten ile Strength ) 

Residual Stresses In a general way the re^Ltance of Cu Za alloys to season 
cracking or to stress corro ion cracking from rendual «tres-e3 increases progressively 
from 60 to 100% copper AIo t service failures of Cu Zn parts are directly related 
to the 'hape of the article and the amount of dra a or deformation re-ulting from 
internal or locked up stressc Con eguently if stress corro'ion cracking occurs in 
bra^ articles made by pla tic deformation 'juch a» cold heading drawing and 
'piniUDg an improvement m re®!, lance can be expected by increasing the copper 
content (Fig 4) 

Effect of Stress Relief Anneal The effect of various "dress relief annealing tem 
peratures on hard^lrawn bra«s tub ng (68% Cu 3l^% Za 05% Pb) were tested by 
alternate immersion (225 *ec immersed 225 rec in air) in a lo \ ammonium hydrox 
ide 'solution at room temperature *3 The percental Joss of ten-ile strength and the 

C L Butow Simponum on Streti-Corronm Crachng of JfeloU f/S-W) Amencan Soc ety for Teaung 
and Amerwaa Imv lute of Muang «sd MeVanmxwaS Eogineers Philadelphia and Ivew YorV, 
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percentage loss in weight were plotted against time as shown in Figs. 5 and 6. The 
number of stress corrosion cracks which appeared in the specimens decreased pro- 
gressively as the annealing temperature rose. No noticeable difference could be 
detected between the hard-drawn specimens and those stress-relief-annealed at 
100° C (212° F). Microscopic examination showed that the cracks were mainly 
transcrystalline. 



Fig. 4. The Relation of Stress Expressed as “Per Cent of Yield Strength” to Breaking Time 
of Copper-Zinc Alloys in Moist Air Containing Ammonia. 

Figure 6 shows that no significant relation was found between the corrosion 
weight losses and temperature of heat treatment. It should be noted (1) that the 
300° C (570° F) stress relief anneal resulted in an improvement as indicated by the 
change in the slope of the curv'e for per cent loss in tensile strength, and (2) that 
all the physical properties were essentially the same as those of the original hard- 
drawn tubes except per cent elongation. At 350° C (660° F) and 550° C (1020° F) 
partial and complete recrystallization resulted, as shown by microscopic examination 
and change in physical properties. No stress corrosion could be detected, as indicated 
by the merging of tensile loss and weight loss curves and absence of cracking. These 
results indicate that the most effective stress relief anneal for this class of alloys is 
one in which the temperature approaches the sharp change in slope of the physical 
property curves. Replotting the data of Fig. 5 for the 16- and 24-hour exposures 
shows that the relief of stresses for 1-hour annealed occurs over a< narrow iemperature 
range and apparently is not complete until recrystallization begins (Fig. 7). 

Various modifications of Muntz metal (Naval brass, brazing rod, free-turning 
brass, forging brass, etc.) and some of the nickel silvers, such as A. S. T. M. Grade 
A and B, show about the same degree of susceptibility to stress corrosion as that 




50% HARD 
I00*C ANNEAL 
200*C ANNEAL 
250*C ANNEAL 
300*C ANNEAL 
350*0 ANNEAL 


Fig 6 Weight Losa of Hard and Aonealed Low Leaded Brass Tubing Alternately Immersed 
in 15 \ Anunonium Hydroxide 
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of the copper alloys discussed. In general, however, the addition of nickel to a brass 
to produce nickel silver slightly increases resistance to stress corrosion. 


METALLURGICAL FACTORS 

Metallurgical factors governing stress corrosion and dezincification have already 
been discussed in this chapter. 

In general there is no direct relation between service life and microstructure such 
as fine grain size versus coarse grain size, or annealed structures versus cold-worked 



ANNEALING TEMPERATURE, 'C 
(l-HOUR ANNEALS) 

Fio. 7. Loss in Tensilo Strength of 50% Hard Leaded Brass Tubing After Alternate Immer- 
sion in 15 N NH 4 OH as Affected by Temperature of Prior Anneal and Time of E.^posure. 

structures. This statement refers particularly to single-phase copper-base alloys in 
aqueous solutions under conditions where stress corrosion is not a factor; 

Muntz metal, containing both alpha and beta phases, in some environments may 
suffer from preferential corrosion of the beta phase. This corrosion may occur in the 
non-scale-forming fresh waters and almost always in sea water. The rate is ouite 
markedly diminished by the presence of a dezincification inhibitor such as arsenic. 
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In the process of dezincification of Muntz metal the front line of attack consists 
of corrosion of the beta phase, with the alpha phase later undergoing dezincification 
where it is in contact with the porous copper left by the dezineified beta phase 

PROTECTIVE MEASURES 

In addition to the protectne measures already suggested, both chromium and 
nickel plating of brass plumbing goods serve the double purpose of being protective 
and decoratn e 

Crevice corrosion occurring between threaded fittings and pipes is offset by the 
u«e of a compound m the joint or by the use of soldered fittings or by brazing all of 
which pre\ ent liquids from getting into the crevice 

In -some localities a trace of eopper picked up by the water as it parses through 
red brass pipe or copper tubing nia> lead to the "green staining of porcelain wash 
basins and tubs The use of tin-lmed tubing or pipe has been successfully employed 
to combat green staining A coating of tin only 01 mil thick is frequently very 
effective Staining can also be reduced by water treatment (See Hot and Cold 
Water Systems, p 496 ) 


SOILS* 

Light «andy, clay bearing soils usually are onl> slightly corrosive to copper and 
the Cu-Zn alloy's Sodium chloride calcium chlondc (used to melt ice around railroad 
switches) human or animal refuse (source of ammonium compounds) and gypsum 
greatly increase the corrosiveness of all soils The presence of cinders in a *oil leads 
to dezincification m those at[o>’s cootaming more than approximately 20% zinc If 
there is a questidn concerning the corrosive nature of a soil, copper or brass tubing 
should be covered with a water repcllant coating 

Tidal marsh soils which are characterized by a deficiency of oxygen extreme 
acidit> sulfides and the presence of sea water are very corrosiv c to the high copper 
brasses Muntz metal and high zinc bra*3 withstand the action o! the 6u)fide>bearing 
soils very well Tm coated copper has more corrosion resistance than uncoated 
copper 

GASES 

Halogens When the halogen gases fluorine, chlorine bromine, as well as hjdrogen 
cfifoncfe gas are perfectly dry and field at or fiefow room temperatures the} are 
practical]} non-corrosive towards Cu-Zn aIIo}s When moisture is pre«ent, if in only 
small quantities chlorine, bromine and their compounds may be quite corrosiv e 

At elevated temperatures chlorine, bromme, and iodine react directly with con- 
siderable rapidity 

Hydrogen Fluoride Anhydrous b}drogea fluonde is resisted quite well by the 
Cu Zn alIo}s, but the presence of water or oiQ^gen leads to rapid attack Copper is 
extensively u®ed m the manufacture and use of hydrogen fluonde 

Sulfur Dioxide Sulfur dioxide in air begins to show its corrosive effect on the 
Cu Zn allo}5 when a definite concentration is exceeded (approximately 0 9%) and 
when the humidity rises above a critical value of approximate!} 70%, when this 
occurs free sulfuric acid appears on the corroding metal surface In distilleries the 
most rapid corrosion of copper alloys usually occurs on the top plates of the rectifiers 

• Refer also to Corrosion by Soils p 4o2 
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where sulfur dioxide gas collects (the corrosion product being essentially basic 
copper sulfate). This type of corrosion has been diminished by aeration to lower the 
sulfur dioxide concentration. 

Hydrogen Sulfide. Hydrogen sulfide reacts with the Cu-Zn alloys even when the 
humidity is low. The rate of the corrosive reaction is increased by a rise in tem- 
perature and decreased by thin films of moisture. A Cu-Zn alloy containing more 
than 30% zinc resists the action of hydrogen sulfide considerably better than the 
alloys containing lower concentrations of zinc. Wet vapors of hydrogen sulfide at 
100° C (210° P) corrode Muntz metal, Naval brass, or Admiralty metal at a rate of 
0.002 to 0.003 ipy and copper and red brass at a rate of 0.048 to 0.062 ipy.^s 

Carbon Dioxide. Carbon dioxide at ordinary temperatures is without effect on 
the Cu-Zn alloys in the absence of moisture. In the presence of moisture and oxygen, 
relatively mild corrosion occurs with the formation of bright green copper carbonate. 

At red heat carbon dioxide produces a thin zinc oxide film on the surface of 
Cu-Zn alloys. 

Carbon Monoxide. Carbon monoxide is without effect on Cu-Zn alloys at room 
temperature or elevated temperatures. Since alloy steels are attacked by carbon 
monoxide, high-pressure plant equipment used for handling carbon monoxide is 
frequently lined with copper or copper alloys.i® 

Nitrogen. Nitrogen at room temperature and at elevated temperatures is without 
effect on copper and Cu-Zn alloys. Brass in commercial nitrogen may tarnish at 
elevated temperatures, but this is caused by the presence of a trace of oxygen. 

Ammonia. Copper has been reported as reacting with liquid ammonia in the 
presence of oxygen.^^ Dry ammonia at room temperature does not react with copper, 
but in the presence of traces of water vapor and oxygen rapid corrosion results. 

Steam. The action of wet steam traveling at high velocities (3000 to 4000 ft per 
sec or 900 to 1200 meters per sec) is considerable. The Cu-Zn alloys corrode at rates 
of 0.001 to 0.050 ipy or more, depending upon the number and size of the water 
droplets, the steam velocity, and the composition of the steam. A number of investi- 
gations indicate that the size of droplets of water in the steam is of great importance. 
The wet steam impingement attack of metals is found in all parts of equipment 
handling steam, such as steam turbines, blades, condenser tubes, valve seats and 
disks, and piston rings in steam engines. 

Figure 8 is a photomicrograph of the steam impingement corrosion produced on a 
hard-drawn copper tube (brass behaves similarly) located near the throat of a steam 
condenser. The steam entered the condenser from the turbine, which was located 
immediately above, struck a deflector plate, and then glanced off the side of 
the copper tube. The roughened surface consists of a large number of copper cones 
tilted in one direction. Sometimes the tips of the cones may not develop and the tube 
surface is then covered with a large number of small cones with rounded tops 
(hemispheroids) . 

Numerous attempts have been made • to eliminate this type of corrosion of 
condenser tubes and other non-ferrous parts. One procedure consists of removing 
as much moisture as possible from the steam as it leaves the last wheel of the 
turbine, so that a fairly dry steam reaches the condenser tube or other alloy parts. 

Y. K. Raghunatha, Int. Sugar J., 41, 438-439 (1939). 

Unpublished data of Bridgeport Brass Company. 

Dudley M. Newitt, The Design of High Pressure Plant and the Properties of Fluids at High Pressures, 
Clarendon Press, Oxford, England, 1940. 

E. C. Franklin, The Nitrogen System of Compounds, A. C. S. Monograph Series, 1935. 
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Since this cannot always be realized the alternative con-^ists of installing matenals 
more resistant to impingement attack in the area where steam impingement occurs 
In steam \ahes steam impingement corrosion may be very severe and is commonly 
referred to as uire drawing Corro'ion of brass valve seats or disks may take the 
form of a single deep clean grooAC or a easily or a number of grooves or cavities 
Under these conditions the attack can be prevented to a considerable extent by 
streamlining the mterior passages of the valve and providing traps io'r the removal 
of moisture before the steam enters 



Fio S Photomicrograph of Copper 'Hibe Showing Tilted Cones Formed by Steam Impinge* 
ment Corrosion (Tops of cones represent or gmal surface of the tube Magnification X 10 ) 

In dr> steam or wet steam (of good qualit>) at low velocities copper and Cu Zn 
alloj's generally give very satisfactory service The average corrosion rates are less 
than 00001 ipy 

The copper and Cu Zn alloys are seldom used for steam service above 260“ to 
290“ C (500“ to 560“ F) This is due to the fact that their mechanical properties 
dimmish qmte markedly above these temperatures 

ATMOSPHERIC CORROSION 

The rate of corro ion indoors and outdoors m a given locality depends very largelj 
upon the local atmospheric pollution Since the number of possible contaminants of 
the atmosphere is large it is frequently very difficult to predict the precise perform 
ance of a giv en material 

It has been ob«erv ed that many copper or Cu Zn structures such as church 
«teeples wmdow roofs and tnm have the green patina developed more perfectly 
on the wmdward side especially if this side is directed toward a distant town or 
towards the ocean Analyses of typical inland patinas show that they consist essen 
tially of basic copper sulfate which may contain as much as 2 75% basic copper 
carbonate with more or less wmd borne matenal The green basic sulfate is 
practically insoluble m water and offers much protection to the metal before the 
final protective compound of maximum stabihty is obtained 

W H. J Vernon and L Whitby J In*l UetaU 42 IgJ (1929) 44 389 (1930) 

**W n J Vernon J ImI V/rloZe 62 93 (1933) 
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Because of the relatively high corrosion resistance of Cu-Zn alloys, they normally 
are not protected by lacquer, paint, rubber, or other coatings except where it is 
desirable to preserve their color or resist some specific type of corrosion. Rubber 
coatings are used to overcome corrosion and erosion by the highly polluted 
atmosphere and the dust and cinders coming from stacks of locomotives at high 
velocities in railroad tunnels. 

The results of tests run in various types of atmospheres over a period of 10 years 
by the A. S.T. M .20 reveal that, while the corrosion rates of Cu-Zn alloys are very 
low, the rates vary considerablj' from place to place throughout the United States. 
The Cu-Zn alloys showed corrosion rates (based on loss in weight) ranging from 
0.00005 to 0.00015 ipy in industrial and semi-industrial atmospheres, from 0.000015 
to 0.00005 ipy on the sea coast, and from 0.000004 to 0.000030 ipy in rural atmospheres. 


Compositions 


COPPER-NICKEL ALLOYS 

C. L. Bdlow* 


The Cu-Ni alloys consist of solid solutions of nickel in copper, where copper is 
the predominating alloy constituent.! The commercial alloys range from 54% copper 
to almost pure copper. Various modifications are possible by the addition of small 
quantities of iron, manganese, tin, zinc, and aluminum. 

The most widely used alloy is the 70% Cu-30% Ni alloy employed, for example, in 
the construction of Navy surface condensers where high velocity sea water is used 
for cooling purposes. In the form of condenser tubing the 80-20 Cu-Ni alloy is also 
used to some extent. Copper-nickel clad steel plate and tubes are used for parts of 
small high-duty heat exchangers to resist certain corrosive conditions. The 60-40 
Cu-Ni and the 54-45-1 Cu-Ni-Mn alloys are widely used as resistance wires 
(Constantan) . 

The physical properties of the Cu-Ni alloys are quite similar to those of the cor- 
, responding brasses. (See p. 556.) Mechanical properties are maintained to a large 
degree with elevation in temperature. (See latest A. S. M. E. Boiler Code.) 


AQUEOUS MEDIA 

General 

Corrosion of the Cu-Ni alloys in aqueous solution is influenced by the concentra- 
tion of dissolved oxygen and other gases in a manner similar to that discussed under 
Copper-Zinc Alloys, p. 70. The presence of hydrogen sulfide appears to accelerate 
corrosion of the 70-30 Cu-Ni alloy more than it does the 70-30 Cu-Zn alloy. 

Fresh Waters 

Since the corrosiveness of natural fresh waters depends, in a complicated manner, 
upon the concentration of mineral matter, gases, organic matter, and debris, it is 
difficult to predict how the Cu-Ni alloys will behave in ever 5 r detail. In the main, 
the alloys show very good resistance to both polluted or unpolluted fresh water. The 
70-30 and 80-20 Cu-Ni alloys (which sometimes contain as much as 5% zinc, 1% tin, 
or 1% iron) show corrosion rates of less than 0.001 ipy. 

* Bridgeport Brass Co., Bridgeport, Conn. 

t Alloys in which nickel is the predominating component are discussed under Nickel-Copper Alloys, p.266 
Proc. Am. Soc. Testing Materials. 44, 224-239 (1944) 
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At ele\ ated temperature, the rate of corrosion of the 70-30 Cu-Ni alloy m aqueous 
solution increases m approximately the same manner as the Admiralty metal described 
m Fig 1 of Copper-Zinc AUoys, p 72 Sometimes there appears to be a marked 
tendenc5 for the pits to be wide and shallow rather than deep and narrow, but there 
are exceptions Prefeientia! loss of nickel, -imilar to dezmcification sometimes 
encountered in brakes containing more than 15% zme, h rare in 70-30 Cu-Ni alloy 

Boiler Water and Covdensates 

70-30 Cu-Xi alloy has been used in boiler water preheaters handling steam con- 
densate and boiler feed waters with good results The corrosion rates usually aieragc 
le s than 0003 ipy 

Short time tests (22 hours) conducted^ in steam condensate at 70® C (160® F) 
containing caibon dioxide and air at 35 pounds gage pressure gave rates shown in 
Table 1 


Table 1 CORROSION OF Chi-Ni ALLOTS IN STEAM CONDENSATE 


AHoy 

Cu Ni 


Cmrentratwn »f COt 
til Enlenng Cat. % 


Corro rton Rale, tpy 


55 45 

70 30 

100 


0 OJ72 
0 0117 
0 0S3a 


55 45 70 0 OHO 

70 30 70 0 0104 

100 , . 70 0 0071 


Steam condensate coDtammg a trace of acetic acid (pH 5 9) corroded 70-30 Cu-Xi 
at a rate of 00078 tp> during an exposure of 11 da>si 
Comparative data for 80-20 Cu-Ni m steam condensate containing 05 ml COa 
plus ml 0> per liter are given in Fig 2, p 512 


Sea Water 

70-30 Cu-Xi alloy is widely u'cd m Naval surface condensers 80-20 Cu-Ni has 
been u^ed to a smaller extent See “Copper and Copper Alloys" in Behavior oj Metals 
and AUoys tn Sea Water p 393, for information concerning the performance of the 
Cu-Ni allojs under var>mg conditions 


In aqueous solutions, the effect of temperature on the rate of corrosion of 70-30 
(Ihi-Ni i3 similar to that discussed in detail m connection with Admiralty metal in 
Copper-Zinc Alloys, p 72 Under adverse conditions, a temperature ri-e of the 
corroding solution of about 20® C (35* F) will approximately double the rate of 
corro'ion in 3% sodium chloride solution This relation appears to hold true m the 
temperature range of 0® to 75® C (32* to 170® F) Some waters, when heated, will 
depo«it a thick mineral 'cale of variable compo-itioa on. the metal surface The 
mo=t common scale found in watcr-heatmg coils and heat exchanger tubes consists 
essentially of calcium carbonate Frequentlj, when such a scale forms on a metal 
surface, considerable^tifling of the corro-ive action occurs 
The build-up of a thick mineral scale on the inside of the heat exchanger tube may 
senou=ly interfere with heat transfer. This loas in heat tranj-fer may result in con- 

* Dat^ from fntemational Nickel Co 
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siderably higher metal temperatures on alioy surfaces facing the hot vapors, which in 
turn, may lead to rapid oxidation of the metal. 

Inorganic Acids 

Hydrochloric Acid. Hj^drochloric acid is one of the most corrosive of the non- 
oxidizing acids when in contact with Cu-Ni alloj's. For example, the corrosion rate 
of 70-30 Cu-Ni in 2 N HCl at 25° C (75° F) may range from 0.09 to 0.3 ipy, depending 
upon the degree of aeration. An increase in the temperature, acid concentration, or 
velocity of the acid increases the corrosion rate still more. Hydrobromic acid behaves 
similarly. 

Specimens of 80-20 Cu-Ni submerged in stagnant solutions of HCl solutions at 
room temperature^ corroded at the following rates (500-hour exposure) : 


Concentration of HCl, % Corrosion Rate, ipy 
1 0.012 

10 0.031 

Sidfuric Acid. The corrosion rates of 70-30 and 60-40 Cu-Ni alloj’s average 
about 0.003 ipj' in a 10% sulfuric acid solution at room temperature; at the water 
line the corrosion rate may be as high as 0.3 ipj’’ (probablj^ the maximum rate to be 
expected in aerated solution). The presence of an oxidizing agent, such as ferric 
sulfate or sodium dichromate maj’' accelerate the corrosion rate as much as three 
hundredfold. In the absence of oxj'gen and oxidizing agents the corrosion rate of 
70-30 Cu-Ni in dilute sulfuric acid solution is practically nil. 

Tests conducted^ in 6% sulfuric acid solutions at 85° C (185° F) in the presence of 
other substances gave the following rates of corrosion for 55-45 Cu-Ni: 


Solution Corrosion Rate, ipy 


4 % FeS04 -f- 6 % H2SO4 0.263 

4 % FeS04 -PI % CUSO4 + 6 % H2SO4 0.520 

Aerated G % H2S04 0 . 128 

H2 saturated G% H2SO4 O.OII 


Hydrofluoric Acid. Laboratory tests conducted on specimens of 70-30 Cu-Ni 
alloy two-thirds immersed in solution contained in a closed bomb^ gave the following 
rates of corrosion : 

Concentration of HF, % Temperature Length of Exposure, hr Corrosion Rate, ipy 

38 110° C (230° F) 48 0.036 

98 38°C(100°F) 86 0.002 

Laboratory corrosion tests carried out in conjimction with the hydrofluoric acid 
alkylation process-'^ in essentiallj^ anhydrous acid and aqueous solutions led to the 
conclusion that the Cu-Ni alloys are satisfactory for use with hj^drofluoric acid. The 
results of tests are recorded in Table 2. Tests conducted in duplicate in aqueous 
hydrofluoric acid solutions containing 40 to 50% acid at 85° C (185° F) for 18 daj’s 
showed that 80-20 Cu-Ni, 70-30 Cu-Ni, 70-25-5 Cu-Ni-Zn, and other copper-base 
alloys corroded at rates ranging from 0.0006 to 0.0040 ipy. 

Chromic Acid. Chromic acid plating solution (400 grams chromic acid and 4 
grams sulfuric acid per liter) at room temperature (stagnant solution) corroded 

^ Data from International Nickel Co. 

^ M. E. Holmberg and F. A. Prange, Ind. Eng. Chem., 37, 1030-1033 (1945). 
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Table 2 CORROSION OF Cu-Ni ALLOYS IN ESSENTIALLY ANHYDROUS 
HYDROFLUORIC ACID 


AUoy 

Cu 

80 


Ni 

20 


70 

70 


JVjnperafur* Length of Expeiure Corrosion Rate.ips/ 


26®-38“ O 
(80'‘-100'' F> 


26 “-3?* C 
(80"-100* P) 


54“ C 
(130“ P) 
87* C 
(190* P) 


33 days High 0 0052 

(2 t«sis) Low 0 0051 

Average 0 0052 
8-33 days High 0 0070 

(7 tesU) Low 0 0007 

Average 0 0020 
22 days 0 OOOi 

(1 teat) 

g days 0 01 

(Iteat) 


70-30 Cu-Ni at a rate of 0 0891 ipy The boiling solution rapidly attacks this alloy s 
Nitric Acid. The Cu-Ni allo>3 show leiy high corrosion rales in concentrated 
nitric acid solutions For example, 70-30 Cu-Ni corrodes at a rate as high as 0 25 in 
or more per day m 50% nitric acid solutions at room temperature 
Sulfurous Acid, Aqueous solutions saturated wiUi sulfur dioxide (sulfurous acid) 
may corrode the Cu-Ni alloys at rates of approximately 0 10 ipy or more Frequentlj 
localized corrosion or pitting occurs under the black corrosion product coating which 
forms 

Phosphoric Acid. Phoaphonc acid does not corrode the Cu-Ni allots as rapidly 
as sulfunc acid The corrosion rate at room temperature ranges from 0 001 to 0 20 ipy, 
depending upon the degree of aeration The presence of oxidizing salts (such as 
ferric salts often found in crude phosphoric acid) increasen the corro«ion rate 
Aerated 84% phosphoric acid solutions at room temperatureO gave the following 
rales of corrosion (8-hour exposure) 


Corronon Rate, ipy 

0 0199 
0 0109 
0 0234 
0 0229 
0 0209 
0 0310 


Specimens of 70-30 Cu-Ni alloy installed for 30 days^ m the outlet of a tank 
handling 75% phosphonc acid at 70“ C (160* F) showed a umfonn corrosion rate 
of 0 028 ipy. 


Organic Acids 

Acetic Acid. Acetic acid and similar ot^anic acids attack the Cu-Ni allojs at rates 
ranging from 0001 to 0025 ipy at room temperature, depending upon the degree 
of aeration An increase in the concentration of acetic acid apparently does not have 
so marked an effect on increasing the corrosion rate as is encountered with other 
t 5 TDes of acids An increase in temperature or may not increase the corrosion 
rate, depending upon its influence on the solubility of oxygen in the solution 

* Data from International Nickel Co 

* Unpublished data Bridgeport Brass Co 

* Data from International Nickel Co 

^ Unpublished data Bridgeport Brass Co 
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Tests conducted® in quiet unaerated solutions of a number of organic acids at 
room temperature for 500 hours gave rates of corrosion listed in Table 3. 

Table 3. CORROSION OF Cu-Ni ALLOYS IN ORGANIC ACIDS 


Cu 

Alloy 

Ni 

Acid 

Corrosion Rate, ipy 

75 

25 

10 % Acetio 

0 .0010 

50 

50 

10% Acetio 

0.0021 

80 

20 

10 % Acetio 

0.0011 

80 

20 

1 % Acetio 

0.0008 

80 

20 

5 % Citric 

O.d0078 

80 

20 

2 % Citric 

0.0025 

75 

25 

7 % Citric in black- 
berry syrup 

0.000065 

80 

20 , 

6% Lactic 

0.00092 

80 

20 

5 % Malio 

0.00065 

80 

20 

2 % Tannio 

0.00021 

75 

25 

2 % Tartaric 

0.0016 

80 

20 

- 5 % Tartaric 

0.00075 


Tests conducted in an evaporator containing 10 to 22% lactic acid at 55° C (130° F) 
showed that 70-30 Cu-Ni corroded at a rate of 0.057 ipy (360-hour exposure). 

Fatty Acids. The fatty acids under service conditions attack the Cu-Ni alloys at 
somewhat higher rates than the organic acids (such as acetic acid and citric acid) 
because the temperature and the degree of aeration generally are higher. 

Tests conducted® in a copper-lined (wood) splitting tank containing a mixture 
of approximately 60% fatty acid, 39% water, and 1.17% sulfuric acid which was 
violently mixed with steam at 100° C (212° F) gave the following rates of corrosion: 


Cu 

Alloy 

Ni 

Corrosion Rate, ipy 

Location'of Test Specimens 

80 

20 

0.0026 

Submerged near top of tank 

70 

30 

0.0024 

<« II II II II 

80 

20 

0.0070 

Bottom of tank 

70 

30 

0.0073 

1* II II 


t 

70-30 Cu-Ni specimens installed at the liquid interface in a mixing tank containing 
a mixture of oleic acid with 1 to 5% methyl alcohol and water at 100° C (210° F) for 
38 days corroded at a rate of 0.0035 ipy with no pitting. 

Alkalies 

Ammonium Hydroxide. Ammonium hydroxide corrodes the Cu-Ni allo3'3 much 
more rapidly than do the metal hydroxides. Solutions of 2 N ammonium hydroxide 
corrode the alloj's at rates ranging from 0.010 to 0.2 ipy at room temperature.® An 
increase in nickel content increases their corrosion resistance. The 70-30 Cu-Ni alloy 
is very resistant to stress corrosion cracking in this medium. 

Results of short-time tests^® at 30° C (85° F) in 3.5% (1 N) ammonium hydroxide 
solution under varying conditions of aeration and motion are given in Table 4. 

® Data from International Nickel Co. 

® Unpublished data, Bridgeport Brass Co 
Data from International Nickel Co. 
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Table 4 CORROSION OF Cu Ni ALLOYS IN 3 5% (1 N) AMMONIUM 
HYDROXIDE • 


Alloy 

Cu r»i Submerged 

Onaerated 96 hours 


Corrotum Rale tpy 
Submerged AUeroate 

Aerated S6 botira Immers on 24 hours 


Spray 30 days 


55 4o 0 00010 
70 30 0 000^1 
100 0 03“^ 


0 000034 
O 0000^7 
0 093 


0 0002“’ 
0 00039 
0 009 


0 OOOOOSl 
0 0000086 
0 0068 


• H S Rawdon and E C GroesbecL Bureau of Standards Tech Paper 367 409-446 


Sodium Hydroxide The 70-30 and 5a-43 Cu Ni allojs corrode at rates of le'ss 
than 0000'* ipt ml to 2 \ NaOH The degree of aeration in the«e dilute «olutions 
u_ualh 13 mthout appreciable effect An increase m temperature ma> increase the 
corro loa rate twofold or threefold 

Te^ts conducted** *" m hot caustic liquors contaimng 10 to 50% NaOH and 5 to 
16% ‘NaCl 'howcd that 70-30 Cu \i corroded at a rate of approximately 0 0002 ip 5 
S3 17 Cu Ni corroded at a rate of 0 00a ipj 
Other te-ts conducted m 'NaOH solutions conlammg wood extracts (black liquor) 
from a soda pulp mill indicated that the presence of organic material increased the 
corrosion rate app^eclabl^ Under these conditiODd 70-30 Cu Ni corroded at a rate 
of QOOU ipy and 83-17 Cu Ni corroded at a rate of 0011 ip> 

Potassinm Hydroxide To U conducted for 6 hour ** id 9o% L.OH at 140* to 
160* C (2SS® to 3‘’0* F) gaie the following corro«ioa rales 

Cu CorrofWTt Rate xpy 

-8 0 00007 

0 30 0 00003 

70-30 Cu Ni alloy continuou«I\ immersed for 3360 hours m an aqueous solution 
containing 2a2% KOH 37S% potasemm i obutjrate KnS 19% potassium 

mereaptides and 21% I\‘»CO'i at approx 140® C (2&j*F) with no aeration corroded 
at a rate of 0015 ipy The higher than u.ual corro ion rate in this instance is due to 
the pre-ence of sul&des and mereaptides in the alkaline solution 


Silt Solutions 

Non. Oxidizing Salta Tbn. aad «on-nxtdianti tialtn (alums and cexfain metal 
chlorides =uch as magnesium chloride and calcium chloride) which hydrolyze in 
water beha^c es-entiallj the «ame a» dilute solution* of the correspondmg acids The 
corro ion rate* of the Cu "Ni alloys, range from 0001 to 0 060 ipy at room temperatures 
depending upon the extent of aeration and the acidity 
la neutral «a?£ solutions such as sodium cUocide the corrosion rates of the Cu Ni 
alloy* containing 30% or more of mckel range from les* than 00002 to 0002 ipy in 
6% solutions at room temperature dependu^ upon the degree of aeration At 75® C 
(170® F) the conoL.ion rate may be as &» 0012 ipy ** 

Te t* conducted*3 in «ei eral salt solution* showed the rates of corrosion listed m 
Table 5 

**i>rcf Am.5oe Teshng ifalertals 34 (1934) 

*- Proc Am. Soc. Tettxng MalenoJe 35 161 165 (193*) 

** Dsia from Internat onal N cVel Co 
"Unpubl shed data Bndgeport Brass Co 
** Data from International N cLel Co 



COPPER-NICKEL ALLOYS 


91 


Table S. CORROSION OF Cu-Ni ALLOYS IN SALT SOLUTIONS 


Salt Solution 

Alloy 

Corrosion Rate, ipy 

Test Conditions 

Cu 

Ni 

10% Sodium sulfate 

SO 

20 

0.0033 

Quiet unaerated immersion for 500 hours at 

10% Sodium nitrate 

SO 

20 

0.000013 

room temperature 

Quiet unaerated immersion for 500 hours at 

10 % Potassium nitrate 

80 

20 

0.000011 

room temperature 

20% Magnesium fluo- 

70 

30 

0.060 

Unaerated immersion for 24 hours at 130° F 

silicate 

6.8% Sodium choride 

55 

45 

0.00024 

at 23 ft per min 

Unaerated immersion for 96 hours at room 

,70 

30 

0.00034 

temperature 

II 


55 

45 

0.00082 

Immersed in aerated solution for 96 hours 

It <1 <4 

70 

30 

0.00062 

at room temperature 

it <• K 

55 

45 

0.00037 

Alternate immersion for 24 hours at room 

4» « <1 

70 

30 

0.00007 

temperature 

II 

It II II 

55 

45 

0.000052 

Spray for 30 days at room temperature 


70 

30 

0.000052 

** 


The alkaline sails, such as sodium silicate, phosphate and carbonate, attack the 
Cu-Ni alloys at rates ranging from 0.0001 to 0.0015 ipy. An increase in temperature 
does not increase the corrosion rate appreciably; frequently at the higher temper- 
atures lower corrosion rates may be obtained. 

Alkaline cyanide solutions attack the Cu-Ni alloys at appreciably higher rates; 
for example, 2A^ sodium cyanide^® will corrode these alloys at rates ranging from 
0.02 to 0.10 ipy at room temperature. 

The alkaline sulfides also attack the Cu-Ni alloys at considerably higher rates. 
For example, boiling solutions of varying concentrations in 5-hour tests corroded 
70-30 Cu-Ni as follows: 


Alkaline Solution Corrosion Rale, ipy 

5% NojCOj, 0.5% NazS, 5% dye solution 0.0186 

5% NajCOa, 5.0% NazS, 5% dye solution 0.225 

Oxidizing Salts. Oxidizing salts, such as sodium dichromate, corrode the Cu-Ni 
alloys at rates ranging from 0.0001 to 0.01 ipy. The addition of an acid, such as 
sulfuric, to the dichromate solution may increase the corrosion rate several hundred- 
fold, depending upon the acid concentration and the temperature. 

Short-time tests conducted at 30° C (85° F) for 96 hours in 4.9% potassium 
dichromate solutions and spray under varying conditions of aeration and motion 
showed the results given in Table 6. 

Copper sulfate solution (5%) containing %% H2SO4 was found^^ to corrode 
80-20 Cu-Ni at a rate of 0.0011 ipy at room temperature (500-hour exposure). 

Solutions of the polyvalent metals, such as ferric, mercuric, and stannic salts, 
corrode the Cu-Ni alloys at rates as high as 0.003 in. per day. The salts of metals 
more noble than copper, such as the nitrates of mercury and silver, corrode the 
alloys at approximately the same rate with the displacement of mercury or silver 
on the metal surface. The silver layer which builds up on the metal surface sometimes 

Unpublished data, Bridgeport Brass Co. 

Data from International Nickel Co. 
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Table 6 COHROSION OF Cu-Ni ALLOYS IN 4 9% KsCrjO?* 

CttTTon-m Rau, ip^ Test Procedure 

0 OOOOS6 Immersed, uoaerftted 

0 OOOOS6 

55 45 0 0U003Q Immersed aerated 

70 30 0 000034 

55 43 0 000070 Alteroately tmmersed 

70 30 0 000018 

S3 45 0 0000081 Sprayed 

70 30 0 0000081 ** 

* H S Rawdon and E C GroesbecL Bureau o( Staudords. 2VrA Paper 367. 400-^0 (1928) 

peels o£f and the irregular film then faiors localized corrosion and pitting The film 
of liquid mercury produced b> reaction with mercury salts may penetrate the alloy 
along the gram boundaries if the metal i» mtemally or externally stressed 
Alkali hypochlonles attack, the Cu-Ni alloys at rates ranging from 0003 to 0050 
ipy, depending upon the concentration of chlorine 

Aqueous OitatNic Compounds 

Formaldehyde dissohed m water (37% bj weight) with 10 to 15% methanol 
corrode-' 70*30 Cu-^i at approximately 00006 ipj i® 

The organic chlorides, «uch as ethyl chloride, methyl chloride, and carbon tetra- 
chloride, attack the Cu-Ni alloys at low rates (le^is than 0 001 ipyO m the ab«ence 
of moisture Tlie pie«ence of moisture and higher temperatures may' lead to corro«ion 
rates as high aa 0 020 ipy 

The results of tests^® conducted on 55-45 Cu-Ni in a number of chlorinated organic 
compounds are tabulated in Table 7 

Table 7 CORROSION RATES OF Cu-Ni ALLOYS IN CHLORINATED 
SOL\’ENTS 

C«To*iM ir«4tun« CoTTOiton Raft, \py 

Anhldroua carbon tetracblonde a4 25’’-30° C 0 000003 

^w3i&UKimtii«r!icd.w)th,».McT.Ia37>r,'^?5?-.wrL <1,000057. 

Anhydroua carbon teliacUonde at 77** C Qraibps) 0 00017 

Carbon Utrachlonde with watec layer at 77® C (boiling) 0 0020 

Anhydrous ethylene diehlonde at 25®-30® C 0 000016 

Partially immersed with nater laicr at 2a®— 30® C 0 000023 

Anhydrous ethylene diehlonde at 84® C (boiling) 0 000075 

Etbjlene diehlonde with nater layer at 84® G (boiling) 0 0041 

Anhydrous chloroform at 25®-30®C 0 000011 

Partially immersed mth water layer at 2o®— 30® C 0 000023 

Anhydrou* chloroform at 6J®C (boiling) 0 00037 

Chloroform with water layer at 61® C (boiluig) 0 00230 

Specimens of 70-30 Cu-Ni under test for 99 day s «n a condenser handling chlorinated 
solvents and steam al 60* to 90“ C (140® to 195® F) corroded at a rate of 00314 ipy 

Unpublished data. Bndgeport Brass Co 
Data from International Vickd Co 


Auoy 
Cu Ni 
55 45 

70 30 
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70-30 Cu-Ni^o in an ethyl acetate still handling a mixture of ethyl acetate, ethyl 
alcohol, and traces of sulfuric and hydrochloric acids at 80° to 100° C (175° to 210° F) 
corroded at a rate of 0.033 ipy (32-day test). 

A long-time test (one year) in an esterification still operating at 70° to 170° C 
(160° to 340° F) and handling a mixture of acetic, propionic, and butyric acids (49%), 
eth 5 d, butyl, and amyl alcohols (50%) and 1% sulfuric acid showed that 70-30 Cu-Ni 
corroded at a rate of 0.00086 ipy. 

Monoethanolamine-o in a carbon dioxide stripping tower (CO 2 stripped from H 2 ) 
at 82° to 104° C (180° to 220° F) corroded 70-30 Cu-Ni at a rate of 0.00185 ipy (no 
pitting developed during 100-day exposure). 

Velocity 

Sometimes localized corrosion of the Cu-Ni alloys occurs at those points where 
the corrosive liquid is in motion, such as in tube and pipe bends, screens, and in 
areas where the cross-sectional area of the piping system is suddenly reduced. When 
another phase is present in the fluid stieam, such as sand, various debris, and gas 
bubbles, the effect of velocity becomes more serious. 

Under service conditions appreciable differences in the performance of the Cu-Ni 
alloj's have been encountered. This, in some instances, maj' be due to differences in 
alloy composition since laboratory and field tests show that the addition of iron 
to the Cu-Ni alloj'S considerably improves their impingement and general corrosion 
resistance to sea water. See “Effect of Alloy Additions,” p. 94. 

Galvanic Coupling 

Generally the coupling of Cu-Ni alloys to other copper-base alloys does not lead 
to a significafit change in the corrosion rate. The seriousness of coupling to a less 
noble metal depends not only upon the potential difference in a given corrosive 
environment, but also upon the resistivity of the corrosive liquid, and the relative 
areas of the metals involved. (See Fundamental Behavior of Galvanic Couples, p. 481.). 
The resistivity of fresh water is high; therefore, if galvanic corrosion occurs, the 
attack is usually localized quite near to or at the junction of the two dissimilar 
metals. In some waters stifling of corrosion may occur owing to the formation of a 
relatively high-resistance mineral scale on the cathodic surface. 

The coupling of Cu-Ni alloj's to other copper-base alloys or iron is fairly common 
in equipment handling fresh water and slightly corrosive liquids. For example, Cu-Ni 
heat exchanger tubes are used in conjunction with steel or brass tube sheets where 
river or lake water is used for cooling purposes. 

Galvanic Couples to Be Avoided. The coupling of Cu-Ni alloys to aluminum in 
contact with sea water or marine atmospheres should be avoided. Steel piping in 
contact with Cu-Ni alloj^s may fail at the point of contact (especialb’^ in threaded 
areas) in sea water, saline or acid solutions, and occasionally in some fresh waters. 
The coupling of Cu-Ni alloys with zinc, lead, or tin in sea water and other solutions 
of low resistivity may be expected to lead to accelerated corrosion of the less noble 
metals. Where it is necessary to join Cu-Ni alloys for use in sea water it is advisable 
to use silver solder rather than soft (Pb-Sn) solder. 

Mechanical Factors 

Stress. Externally applied or internal stresses usually have no detrimental effect 
upon the Cu-Ni alloys when exposed to environments which may lead to stress 

Data from International Nickel Co. 



94 CORROSION IN LIQUID MEDIA, ATMOSPHERE GASES 

corrosion cracking in some susceptible Cu Zn alloys The Cu Ni allojs (especially 
70 30 Cu Ni) ha\e replaced the stress corrosion susceptible alloys such as Admiralty 
metal and aluminum brass when unfaiorable operating conditions proved trouble- 
some (This usuailj consists of an environment containing a small amount of 
ammonia or amines ) 

Vibration The Cu Ni allots show good resistance to corrosion fatigue in fresh 
and saline waters These allojs are generally considered among the best of the 
copper ba«e alloys for application where vibration is present 

Metallubgical FACTORa 

The Cu Ni alloys are single phase solid solution alloys Sometimes they show a 
cored stiucture but there is no evidence to show that such a structure has any prac- 
tical detrimental effect on corrosion resistance 

Corrosion teats con lucted in sea vvaterSi clearly showed that the size of the gram 
within commercial limits did not affect the corrosion resistance of the alloy 
Other teats alao conducted in sea vvatcr^"* showed that 1 ardness (produced by cold 
rolling) has no influence on the corrosion rate of 70-30 Cu Ni in sea water 
Effect of Alloy Additions Some recent tests’ in sea silt solutions indicated 
quite conclusn ely that the addition of iron to the Cu Ni alloys containing from 
5% to Z0% nickel improved impingement corrosion resistance The tests indicate 
that as the nickel content of the allo>'s decreases from 30% to 5% more iron is 
required for optimim corrosion resistance for example 0^% Fe for the 30% Cu Ni 
060% for the 20% Cu Ni 075% for the 10% Cu Ni and 1% for the 5% Cu Ni 
Other tests ba«ed on loss in weight conducted m sea water showed that the addi 
tion of 04% iron to 70-30 Cu Ni lowered the corrosion rate from 000216 to 
0 00033 ipy 


CASES 

Halogen Gases 

The halogen gases fluorine chlorine bromine and their hydrogen compounds 
when perfectly dry at room temperature or lower are practically non corrosive 
toward the Cu Ni allojs Traces of moisture will considerably increase attack At 
elevated temperatures chlorine and biommc rapidly react with the CuNi allojs 
Iodine vapors are also reactive 

Sulfur Dioxide 

Sulfur dioxide when perfectly dry is only slightly corrosive toward the Cu Ni allojs 
Hhen the humidity ri«es above the critical value of approximately 60 to 70% a 
considerable increase in corrosion occurs’’ 

Hydrogen Sulfide 

Hydrogen sulfide reacts with the Cu Ni alloys at rates ranging from 0 001 to 0 050 
ipy The range in corrosion rates appears to depend primarily upon the concentration 
of water v apor and the temperature 

Alaunce Cook and I Boodson Trant Fansday Soe 38 391 394 (1942) 

L Bulow Trang Elect ochem Soe 87 319-35“* (1945) 

”A VV TrflcyandR L Ilungerford Proe Am Soe Teeltny Sfatenah 48 691-612 (1945) 

^ C L Dulow loc cl 

W It J \ ecnon J Inil ittlali 48 121 (1932) 
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Carbon Dioxide 

Carbon dioxide gas at ordinary temperatures is without effect on the Cu-Ni alloys 
in the absence of moisture. In the presence of moisture and oxygen relatively mild 
corrosion will occur. 

Steam 

In dry steam or wet steam (oh good quality) at low velocity the Cu-Ni alloys 
usually corrode at rates less than 0.0001 ipy. Under severe conditions (corrosive 
steam or high velocity), especially where the direction of the steam flow changes, 
the corrosion rate may be increased considerably. Rates as high as 0.050 ipy have 
been encountered. 

Results^fj obtained from a 180° bend test showed that 70-30 Cu-Ni exposed to 
superheated steam (150° C [300° F] and 6 kg per sq cm [85 psi]) did not suffer from 
corrosion Assuring as did the other alloys tested. Higher temperatures, however, 
produced corrosion Assuring. 


MOLTEN METALS 

Molten metals, such as solder, tin, aluminum, lead, and zinc, rapidly attack the 
Cu-Ni alloys. Molten mercury attacks the 70-30 Cu-Ni alloy at a very much lower 
rate. If the metal, however, is stressed in tension, there is great danger that the 
mercury will penetrate the metal along the grain boundaries. 70-30 Cu-Ni alloy 
stressed in tension in contact with molten solder has been reported as being only 
slightly susceptible to intercrystalline penetration and weakening.2" 


ATMOSPHERIC CORROSION 

The rate of atmospheric corrosion indoors and outdoors in a given locality depends 
very much upon local atmospheric pollution. Since the number of possible con- 
taminants of the atmosphere is large, it is frequently very diAicult to predict the 
performance of a given material. Tests run in vaiuous types of atmospheres over a 
period of 10 years by A.S.T. M.-8 reveal that while the corrosion rates of the Cu-Ni 
alloys are-very low, the rates vary considerably from place to place throughout 
the United States. The results of these tests are shown in Table 8. 


Table 8. ATMOSPHERIC CORROSION OF Cu-Ni ALLOYS 


Test Site 

New York, N. Y. (Industrial or semi-industrial atmos- 
phere) 

Altoona, Pa. (Industrial or semi-industrial atmosphere) 
Sandy Hook, N. J. (Marine atmosphere) 

Key West, Fla. (Marine atmosphere) 

La Jolla, Calif. (Marine atmosphere) 

State College, Pa. (Rural atmosphere) 

Phoenix, Ariz. (Rural atmosphere) 


Rate of Corrosion Based on Loss in Wt., ipy 
75 Cu, 20 Ni. 5 Zn 70 Cu, 29 Ni, 1 Sn 
0.0000790 


0.0000870 

0.0000855 
0 0000410 
0.0000117 
0.0000121 
0.0000138 
0.0000033 


0.0000790 
0 0000435 
0.0000139 
0.0000100 
0.0000137 
0 0000030 


In unusual atmospheres such as those encountered in railway tunnels, the Cu-Ni 
alloys stand up well.29 


J. P. Sally, Compl. rend., 186, 1110-1118 (1928). 

” G. Wesley Austin, J. Inst. Metals, 68. 173-192 (1936). 

Proc. Am. Soc. Testing Materials, 44, 224-239 (1944). 

Sidney C. Britton, J. Inst. Civil Engrs. (London), 5, 65-72 (1941). 
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At Pa.'isamaquoddj Maine (marine atmosphere), the 70-30 and 55-15 Cu-Ni allots 
corroded at rates of 0 000031 and 0000021 ipj respectiveb' (9-month eiposme)30 


COPPER-TIN ALLOYS 
C L Bulow* 

03iIPO==ITIONS 

The bronze are essentially solid solutions of tin in copper Phosphorus is commonly 
u ed as a deoxidizer m the casting of thc«e alloys Becau_e of the residual phosphorus 
(001 to 0409e) these Chi-Sn alloys are Lnoivn as the Pho«phor Bronzes 
The mo't common wrought bronzes contain 1 to 10% tin and 'cldom more than 
10% tin Most of the wrought Cu-Sn alloys, when in the completely homogemzed 
condition are ^ingle-phase alloys ha\mg a micro-tructure similar to the alpha 
brasse* \bo^ e 5% tm, it becomes increasinph difficult to homogenize them because 
of the m\er«e segregation of a tin-nch con-tituent called della The excellent cold 
working propertiee tensile properties • te^iltence and good rcsutance to fatigue and 
corrosion of the Cu Sn alloi * account for their mde u-e in the form of manne 
hardware diaphragms, springs snap •^tche«, fu.e clips, ®ocket and plug eleptneal 
contact pomts, flexible tubing stranded cables, pole hoe hardware, bolt»> nuts, 
«crew« wire «creens and welding rods 

The Cu-Sn allo^< containing more than 8 to 10% tin usually are u«cd in the form 
of castings These ca_t bronzes are employed as bearisp, bells, bushings, gcar«, 
instruments nng^, pump parts, gun metal piston ring;, lahe bodies, whistle«, 
etatuarv, elbows and fittmgs, slides, and hardware 
The homogenized wrought Cu-Sn allov« being Mogle-phase alloy «, corrode in a 
uniform manner, and the corroded surfaces are very smooth The wrought Cu-Sn 
alloys may bow the prG«ence of della pha-e and (he cast Cu-Sn alloys «how a icn 
marked dendritic structure Under «ome conditions, en^ecialK in acid «olution-, the 
corrosion proceeds m an irregular manner, with the re-ult that the grams stand out 
in rehef and the metal is quite rough 

The hardness of the wrought Cu-Sn alloy « appears to hare no appreciable influence 
on theif corrosion rate m sea water, fre«h water and m the atmosphere 
There are numerous modifications of the Cu-'^n alloi-- mo-t of which deal with 
lanations in the concentration of tin, zme, lead, and phosphorus \bout twehe 
other elements ha\ e been added emgly or m combination, depending upon the 
application o'l fne aiioi,’tnit it is «ei&om ftial more "fnaa lour dfner elements are 
added A nummary of compontioDs i- tabulated m Table 1 
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good corrosion resistance to fresh waters and sea water. Some of /the commonly 
used alloys are: 88% Cu, 8% Sn, 4% Zn; 86.5% Cu, 6% Sn, 1.5% Pb, 4% Zn; 
92% Cu, 8% Sn; 95% Cu, 5% Sn; 88% Cu, 10% Sn, 2% Zn; 85% Cu, 5% Sn, 
5% Zn, 5% Pb; and 88% Cu, 4% Sn, 4% Zn, 4% Pb. 


Table 1. RANGES OF VARIOUS COMPOSITIONS OF Cu-Sn ALLOYS 


Percentage 


Copper 

60.0 -99.5 

Tin 

0.5 -35.0 

Zino 

0.5 -15.0 

(flometimes up to 30) 

Lend 

0.5 -15.0 

Phosphorus 

0.01- 3.0 

Cadmium 

0.5 - 1.0 

Nickel 

0.10-15.0 

Iron 

0.05- 4.0 

Silicon 

0.05- 2.0 

Aluminum 

0.5 - 2.5 

Arsenic 

0.5 - 2.0 

Antimony 

0.1 - 8.5 

Cobalt 

5.0 


Platinum 

10.0 


Tungsten 

10 0 

• not common 

Manganese 

3.0 


Bismuth 

0.5j 



The Cu-Sn alloys containing more than 5% tin and a small amount of other 
elements, such as lead and zinc, are widely used in the construction of marine 
hardware and other fittings. Where the water velocity is high, it is desirable to have 
a tin content in excess of 5%. The Cu-Sn alloys are considered the best of the 
copper-base alloys for marine use. These alloys in sea water usually corrode at rates 
less than 0.002 ipy.^ 

An increase in the tin content of the Cu-Sn alloys up to 10% produces a pro- 
gressive increase in the corrosion resistance to sea water.^ The presence of large 
quantities of lead in the Cu-Sn alloys in some instances has led to a noticeable 
increase in the corrosion rate. For example, alloys of 92% Cu and 8% Sn and of 
75% Cu, 10% Sn, and 15% Pb corroded at rates of 6.5 and 22.3 mdd (0.001 and 0.003 
ipy), respectively, in salt harbor water.® Additional data on the performance of the 
Cu-Sn alloys in sea water are presented in Tables 6, p. 398, and 9, p. 400. 

Acids 

Nitric Acid. The Cu-Sn alloys show very high corrosion rates (0.025 in. or more 
per day) in concentrated nitric acid solutions. At first the rate is high, but with time 
it is lowered appreciably owing to the formation of white metastannic acid on the 
surface. The amount of protection given by the coating of metastannic acid varies 
with' the concentration of the acid, extent of agitation, abrasion, and temperature. 

Hydrochloric Acid. In contact with the Cu-Sn alloys, hydrochloric acid is one 
of the most corrosive of the non-oxidizing acids. The presence of tin in the alloy 
appears to increase the corrosion rate at room temperature. For example, copper 
corrodes at a rate of approximately 5500 mdd (0.9 ipy) in aerated 2 N hydrochloric 

’ C. L. Billow, Trans. Ehclrochem. Soc , 8T, 127—160 (1945). 

■' Unpublished data, Bridgeport Brass Co , Bridgeport, Conn. 

^ Pros. Am. Soc. Testing Materials, 35, 160-166 (1935). 
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acid solution at room temperature, but 95%Cu-^%Sa alloy corrodes at a rate of 
11,800 mdd (lOipy)®* 

Sulfuric Acid An alloy of 95% Cu and 5% Sn m stagnant 10% sulfuric acid solu- 
tion at room temperature corrodes at rates ranging from 0001 to 0003 ipy At the 
water line the corrosion rate may rise to a value 
as high as 0015 ip> The casting bronzes (89% 
Cu, 7% Sn, 4% Zn. and 87% Cu, 10% Sn, 3% 
Sb) m strongly agitated 5% sulfuric acid solu- 
tions corrode at rates as high as 0 060 ipy 
Water line testa® conducted in 10% sulfuric 
acid solution at room temperature revealed the 
beneficial effects of tin added to copper These 
tests showed that copper corroded at a rate of 
S72 mdd (006 ipy), and 5% Sn-Cu alloy corroded 
at a rate of 60 mdd (0 01 ipy), the respective 
tensile looses were 37 and 6 7% The more uni- 
form corrosion which occurred with the 5% 
Sn-Cu alloy is shown m Fig 1 
The presence of an oxidizing agent such as 
dissolved oxygen, feme sulfate, or sodium diehro- 
ocate will considerably accelerate the corrosion of 
all bronzes 

The presence of a corrosion inhibitor, such as 
benzyl thiocyanate, has a pronounced retarding 
effect on the rate of corrosion as shown in 
Table 2 

At temperatures above 80® C (175* F), solu- 
tions contaning more than 60% sulfuric acid 
rapidly corrode Cu-Sn allojs 
SuUurous Acid Sulfiirous acid colutiona such 
as aqueous solutions saturated w-ith sulfur dioxide 
corrode the Cu-Sn allojs at generally lower rates 
than sulfuric acid Sometimes pitting may de- 
velop at a rate as high as 0 1 ipy The hot sulfite 
solutions u«ed in the sulfite process for making 
paper corrode the casting bronzes at approxi- 
mately 0060 ipy, and at room temperature the 
corrosion rates range from 0 015 to 0030 ipy. 
The casting bronzes (84% Cu, 9% Sn, and 7% Pb, etc ) are commonly used m the 
construction of sulfite celluloie digesters 

Phosphoric Acid. Phosphoric acid solutions do not corrode the Cu-Sn alloys as 
rapidly as sulfuric acid The corro-ion rates at room temperature range from 0001 
to 0 020 ipy, depending upon the degree of aeration An increase m temperature may 
increase the corrosion rate to as high as 0060 ipy The presence of oxidizing salts, 
such as ferric salts, often found in crude phosphoric acid, will increase the corrosion 



Fig 1 Photographs Showing Bene- 
ficial Effect of Tin in 95% Cu-5% 
Sn Alloy Compared with Copper in 
■Water-Line Corrosion (Test in 10% 
sulfunc acid ) 


* These rates appear to be lower under different test eondjtions In 3 AT hydrochloric acid (approx 10%) 
using alternate immersion tests (1 14 mm immereed 1 H nun out) the corrosion rate for copper was found 
to be 0 10 ipy for 5% Sn-Cu alloy it was 0 13 ipy, and for 10% Sn-Cu alloy 0 15 ipy (Private communica- 
tion from A W Tracy, American Brass Co, Waterbury, Conn.) 
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rate still further. The Cu-Sn alloj's are considered among the best of the copper-base 
allo 3 ’s for use in contact with phosphoric acid solutions. 

Acetic Acid. Acetic acid (0 to 40% and 80 to 99%) and similar organic acids 
attack the Cu-Sn alloys at rates ranging from 0.001 to 0.025 ipy at room temperature, 
depending upon the degree of aeration. The effect of temperature on the corrosion 
rates depends upon its influence on the solubility of oxygen in solution. 


Table 2. INHIBITING EFFECT OF BENZYL THIOCYANATE IN 10% 
SULFURIC ACID SOLUTION 
Quiescent Solutions, 25° C (77° F) 




10% Sulfuric Acid 

Ratio of Corrosion Rato 

Metal 

10 % Sulfuric Acid 

plus 0.05% Benzyl 
Thiocyanate 

in Non-Inhibited Acid/ 
Inhibited Acid 

99.95% Copper 

102 mdd (0.0104 ipy) 

2.35 mdd (0.00038 ipy) 

43.4 

95% Cu, 5% Sn 

34 mdd (0.0055 ipy) 

2.40 mdd (0.00040 ipy) 

13.8 


Fatty Acids. Fatty acids at temperatures usually encountered in practice attack 
the Cu-Sn allo 3 's at somewhat higher rates than the organic acids, such as acetic 
and citric acids at normal temperatures. The corrosion rate depends very markedly 
upon the temperature and the degree of aeration. 

Alkalies 

The Cu-Sn alloys usually corrode at rates less than 0.010 ipy at room temperature 
in 1 to 2N sodium hydroxide solutions. The degree of aeration in these dilute 
solutions usually is without appreciable effect. For example, 95% Cu-5% Sn alloy 
corrodes at a rate of 0.0016 ipy in a stagnant solution and at a rate of 0.0020 ipy 
when aerated. 

Tests conducted7.8 in hot caustic liquors containing 10 to 50% sodium hydroxide 
and 16 to 50% sodium chloride showed that the 92% Cu-8% Sn alloy corroded 
at a rate of approxlmatel 3 ' 0.020 ip 3 ^ Other tests conducted in sodium h 3 ''droxide 
solution containing wood extracts (black liquor) from a soda pulp mill indicated 
that the presence of organic material in the sodium hydroxide solution increased the 
corrosion rate appreciabl 3 ^ 

Ammonium Hydroxide. Ammonium h 3 'droxide corrodes the Cu-Sn allo 3 's more 
rapidty than the alkali hydroxides. Ammonium h 3 'droxide of 2 A’’ concentration cor- 
rode the Cu-Sn allo 3 's at rates ranging from 0.050 to 0.10 ipy at room temperature.* ** 

S.ALT Solutions 

Non-Oxidizing Salt Solutions. The non-oxidizing salts, such as the tartrates, 
sulfates, and nitrates of sodium, potassium, magnesium, and calcium, are onb" slightly 
corrosive towards the Cu-Sn allo 3 'S. The average corrosion rate in stagnant solutions 
at room temperature is less than 0.0002 ipy^. Occasionally, corrosion rates up to 0.010 
ip 3 ' ma 3 ' be encountered, depending upon the extent of aeration, acidity, and the 
temperature. 

IHlogen salts. In neutral salt solutions, such as sodium chloride, the corrosion 
rates of the Cu-Sn allo 3 -s containing more than 5% tin range from less than 0.001 

* Ptoc. .^Im. Soc. Testing MalcriaU^ 34, Pt. 1, 22^227 (1934). 

® Proc. .'Im. Soc, Testing Materials, 36, Pt, 1, 161—164 (1935). 

* Unpublished data, Bridgeport Brass Co., Bridgeport, Conn 
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to 00035 ipy in 2^ solutions at room temperature, depending upon the alloy and 
the degree of aeration A 95% Cu-5% Sn alloy in 2 sodium chloride solution 
corroded at a rate of 0 002C ipy at 25® C (77* F), and at a rate of 0 0041 ipy at 
75® C (170® F) 

Magnesium and calcium chlorides rvhicli hjdrolyze to acid solutions beha\e 
cssentiallj the =amc as dilute colutions of the corresponding acid If the acid produced 
by hjdroljsis is not neutralized, corro'=ion rates up to 0 020 ipy may be anticipated 

Ammomum chloride is more corro«i\e than the alkali chlorides Corrosion rates 
as high as 0 16 ipy may be encountered m 2N solutions at room temperature 

Alkaline s\lts Alkaline salts such as «ihcate3, phosphates and carbonates of 
sodium and potassium at room temperature attack the Cu Sn alloys at rates less 
than 0 002 ipy The addition of carbon dioxide to sodium carbonate solutions may 
increase the corrosion rate to 0 005 ipy 

Alkali cj anide solutions attack the Chi Sn alloys at appreciably higher rates than 
the abo\e mentioned alkaline salts For example 2N sodium cj anide solutions will 
corrode these alloj^ at a rate of approximately 0035 ipy at room temperature^® 

Oxidizing Salts Sodium dichromate solutions corrode the Cu-Sa alloys at the 
\ery low rate of approximately 00002 ipy The addition of acid may increase the 
corrosion rate as much as sexeral hundredfold, depending upon the acid concentra- 
tion and the temperature 

Solutions of the polyvalent metals such as feme mercuric, and stannic salts, 
corrode the Cu Sn allots at rates as high as 0025 in per day The salts of metals 
more noble than copper such as the nitrates of mercury and sih er corrode the 
allojs at approximately the same rate with the displacement of mercury or silver 
on the metal surface The silv er layer which builds up on the metal surface some- 
times peels of!, and the irregular him then favors localized corrosion and pitting 
If the alloy is teasile-stre^sed, the film of liquid mercury produced by reaction with 
mercury salt may penetrate the metal along the gram boundaries causing failure 

Alkali hypochlorites attack the Cu Sn alloys at rates ranging from 0005 to 0095 
Ipy, depending upon the concentration of chlorine 

Velocity 

Sometimes movement of the corro ne liquid may start rapid localized corrosion of 
the Cu-Sn alloys containing le^s than 6% tm Sea water moving at high velocity js 
best resisted by the Cu Sn alloys containing more than 5% tin, or preferably' more 
fhan h% tin, such as fhe'high-tm alloys u»ed in'bronze pump impellers TVhen another 
phase IS present m the fluid stream such as sand, debris and gas bubbles, the effect 
of V elocity may become serious 

Galvaihc Coupling 

Generally, the coupling of Cu*Sn alloys to other copper-base alloys does not lead 
to a noticeable change m the corrosion rate In sea water and 3% sodium chloride 
solutions the potential difference between the Cu Sn alloys and other copper-base 
alloys generally is less than 0 05Q volt with the Cu Sn alloys slightly cathodic to the 
other alloys 

The coupling of Cu Sn alloys with other copper-base alloys and iron is fairly 
common in equipment handling fresh water and slightly corro'ive liquids The 
coupling of Cu-Sn alloys to other copper base alloys is common m equipment in 
contact with sea water and saline solutions 
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Galvanic Couples to Be Avoided. Soldering of the Cu-Sn bronze alloys to be 
exposed to sea' water or saline solutions should be avoided. Under these conditions, 
the tin is anodic and is susceptible to highly localized corrosion, especially along the 
contact boundary of the -two metals. For the same reason, the coupling of Cu-Sn 
alloys with zinc, lead, or aluminum in sea water and other solutions of low resistivity 
may be expected to cause accelerated corrosion of the less noble metals. Where it is 
necessary to join Cu-Sn alloys for use under such conditions, it is advisable to use 
silver solder rather than soft (Pb-Sn) solder. 

When parts are joined by welding, a bronze welding rod alloy should be used. 
Steel piping in contact with Cu-Sn alloys may fail at the point of contact in sea 
water and other solutions of low resistivity. Sometimes, much difficulty can be 
avoided by, inserting a sacrificial nipple of steel over the joint. The use of brazed 
connections may prove to be less troublesome than threaded connections. 

EFFECT OF MECHANICAL FACTORS 


Stress 

The Cu-Sn alloys are considerably more resistant to strefss corrosion cracking than 
the Cu-Zn alloys. Hard-drawn (cold-worked) alloys — such as 98%Cu, 2%Sn; 99% 
Cu, 1% Sn; 99.5% Cu, 0.5% Sn; 97.5% Cu, 1.5% Sn, 1.0% Si; and 98.5% Cu, 
0.6% Sn, 0.9% Cd — have been used extensively during the past 30 years for 
(1) trolley and power transmission wires, (2) cable and wires used in catenary 
construction holding power transmission wires, and (3) associated pole line hardware, 
nuts, and bolts. All these services subject the metal to conditions which may produce 
stress corrosion cracking in susceptible alloys of other compositions. 

Vibration 

The ’Cu-Sn alloys show good resistance to corrosion fatigue in air, fresh water, 
and sea water. The wrought Cu-Sn alloys are generally considered among the best 
of the copper-base alloys for applications subject to vibration. These alloys compare 
favorably with the best stainless steels.i^ For this reason, the Cu-Sn alloys are widely 
used in the construction of springs, spring-type electrical contacts, and diaphragms. 

ORGANIC COMPOUNDS 

Ethyl alcohol dissolved in water is only slightly corrosive to the Cu-Sn alloys. 
The corrosion rate is approximately 0.0001 ipy or less. Methyl alcohol solutions may 
be slightly more corrosive because of the usual presence of other compounds. 

The organic chlorides, such- as ethyl chloride and carbon tetrachloride, in the 
absence of moisture corrode the Cu-Sn alloys at rates less than 0.0001 ipy. The 
presence of moisture and higher temperatures may lead to corrosion rates as high 
as 0.050 ipy. 


GASES 

Halogen Gases 

Fluorine, chlorine, bromine, and their hydrogen compounds when perfectly dry 
at room temperature (or lower) are practically non-corrosive toward the Cu-Sn 
alloys. Traces of moisture will increase the corrosiveness of these gases and their 

H. J. Gough and D. G. Sopwith, J'.' Inst. Metals, 60, 143 (1937). 
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compounds considerabl) At ele\ated temperatures chlorine bromine and lodme 
react tvith the Cu-Sn alloja with considerable rapidity forming \o!atile tin halides 

O’CTGEN 

Oxygen at room temperature does not ii«ibb corrode tie Cu Sn alloys Cu Sn 
alloy castings and wrought parts are widely u ed in the manufacture of fittings for 
u~e m oxygen gas linea and comprea ed air lines where it is desirable to keep 
corrosion at a minimum 

SuLFUK Dioxide 

Sulfur dioxide when perfectly do is only <Iightly corri>'i\e toward the Cu bn 
alloys In the presence of moisture a considerable increa c m corro ion occurs (See 
aulfurous \cid p 98 ) 

Hydrogen Sulfide 

Hydrogen «ulfide reacts with the Cu So alloys eien when the humidity is low 
\\ et vapors at 100® C (210® F) corrode the alloys at a rate of approximately OOoO ipy 

C^BBON Dioxide 

Carbon dioxide gas at ordmarv temperatures is without efTect on the Cu Sn alloys 
m the ab ence of moi ture In (he presence of moisture and oxygen relatively mild 
corro ion occurs with the formation of bright green coTTO«ion products 

STEill 

In dry eteam or wet «team (of good quality) at low vclocitv the Cu Sn alloys 
usually corrode at rates la's than 00001 ipy Under «e\ere conditions (corrosive 
team or high v elocity ) the corro ion rate may be coruiderably higher In some 
instances rates as high ns 003o ipy have been encountered The Cu Sn alloys are 
eldom u ed for 'team service above 309 p i at 2C0® to 290® C (oOO® to 560® F) since 
rhe mecbamcal properties decrease quite markedly above these temperatures 


Artf<JSFffEKi<7 COfiROS/OV 

The rate of atmo^pbenc corrosion indoors and outdoors in a given locality depends 
ve-y much upon local atmosphenc pollution Since the number of po^ible con 
taminates of the atmosphere is large it b frequently very difficult to predict the 
performance of a given material Ten year tix-ta by A S T m various tvpes 
of atmo pherea reveal that while the corrosion rates of the Cu Sn alloy te ted 
(92% Cu 8% Sn) are very low th^ varied conaidorably from place to place 
throughout the Umted States The re ults of the«e tests are 'hown m Table 3 
The color of the tamuh or corrosion product dev eloping on the Cu Sn alloy 
depends upon the atmosphere In sulfur bearing inda'trial atmospheres greenish 
black and black corrosion films fonn In coastal regions bright green corrosion films 
form In dry rural regions such as in Arizona reddi h brown films predominate 
In unusual atmo«pheres, such as tbo«e encountered in railway tunneb the Cu 

Prew Am Soe Te»l\ny MaUrtaU 44 224 239 (1944) 
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alloys stand up well. Railway signal wires made of 98% Cu-2% Sn alloy exposed 
simultaneously with galvanized steel wires in a railway tunnel Were still serviceable 
after 40 months of exposure, whereas the galvanized wires had been replaced six 
times during that period.i^ 

Hard-drawn bronze wire (99.05% Cu, 0,91% Sn) 0.066 in. (0.17 cm) in diameter 
exposed for 2 years on a roof of a building in South Kensington, London, was 
corroded at a rate of 0.000245 ipy.^^ 

Periodic Formation of Corrosion Products* 

Studies of the corrosion products of tin bronzes have shown the products to have 
decided periodicity. A cross section of the corrosion layer on a 90% Cu-10% Sn alloy 
readily reveals distinct alternate layers of red cuprite and green malachite.^^ On 
old bronzes, as many as seventy-five such layers have been observed. 

The basis for this phenomenon was at first attributed to the fluctuating seasons. 


Table 3. ATMOSPHERIC CORROSION OF 92% Cu-8% Sn ALLOY 


Teat Sire 

Type of Atmosphere 

Rate of Corrosion Based on 

Loss in Weight, ipy 

Altoona, Pa. 

Industrial or semi-industrial 

0.000058 

New York, N. Y. 

Industrial or semi-industrial 

0.000072 

Sandy Hook, N. J. 

Sea coast 

0.000050 

Key West, Fla. 

Sea coast 

0.000031 

La Jolla, Calif. 

Sea coast 

0.000081 

State College, Pa. 

Rural 

0.000031 

Phoenis, Ariz.' 

Rural 

0.000006 


in particular when the metal article lay buried in the soil, where the corrosion 
velocity would respond to fluctuations in the temperature, moisture content, salt 
content, etc., of the soil. However, there were, among the bronze articles examined, 
some that had lain buried for hundreds of years in locations where fluctuations in 
temperature and moisture were practicallj'^ zero. Accordingly, a more generally 
applicable interpretation of the observations was needed. 

Several laboratory specimens were corroded under constant temperature and 
constant humidity conditions, the corrosion products of which showed a decided 
laminated structure, that is, alternate thin layers of red oxide of copper and malachite. 
The thickness of these layers was approximately 0.03 to 0.08 mm (7 to 20 mils). 
Since new layers of cuprite (primary product) are formed next to the metal surface, 
the products of corrosion, cuprite and malachite, must move or migrate away from 
the surface of the metal. 

On the basis of direct tests, it was established that cuprite is the primary product 
in the corrosion of copper and that malachite is formed from the cuprite.' This latter 
step requires the presence of COo and, of course, moisture. It was concluded that the 
periodicity observed in the corrosion products of copper and bronze is due to the 
fluctuating supply of CO 2 in the surrounding moist air or moist soil. 

* This topic is discussed by C. G. Fink, Columbia University, New York, N. Y. 

S. C. Britton, EngineerwOt 152, 78-80 (1941) 

J. C. Hudson, J. Inst. Metals, 44. 409-422 (1930). 

See, for example, Fig. 25 in “Microscopic Study of Ancient Bronze and Copper,” by Colin G. Fink and 
E. P. Polushkin, Trans Am. Inst. Minina Met. Engrs., Inst. Metals Div,, 122, 90-120 (1936). 
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ASM Handbook p 1421 1030 
International Annealed Copper blanJani 
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COPPER-SILICON ALLOYS 
A. W. Tract* 

There are three general types of silicon bronzes containing about 1%, 3, or 4% 
silicon and small additions of manganese, zinc, iron, or tin. The silicon bronzes were 
developed for structural and engineering uses requiring metals with high strength and 
fabrication possibilities combined with corrosion resistance equal to that of copper. 
Typical analyses and physical constants of several silicon bronzes are given in 
Table 1. 

The approximate tensile strengths of several types of Cu-Si alloys at different 
tempers are given in Table 2. 

Table 2. TENSILE STRENGTHS OF Cu-Si ALLOYS — SHEET AND STRIP* 


Temper 

Tensile Strength, psi 

Types A and Ct 

Type Bt 

0.070-mm anneal 

'52,000- 58,000 

38,000-45,000 

0.040-mm anneal 

55,000- 04,000 

40,000-50,000 

Quarter-hard 

62,000- 72,000 

42,000-52,000 

Half-hard 

71,000- 81,000 

47,000-57,000 

Hard 

87,000- 97,000 

00,000-70,000 

Extra-hard 

99,000-108,000 

67,000-76,000 

Spring 

105,000-113,000 

71,000-79,000 


• A. S. T. M. Designation B 97-44. 
t See Table 1. 


Many of the data given in this chapter were obtained with the 3.10%t and 1.5% Sit 
alloys, but such data will be applicable to other silicon bronzes of similar silicon 
content. 


AQUEOUS MEDIA 

Natural Waters 

Silicon bronzes offer excellent resistance to corrosion by natural waters. The 3% 
silicon bronzes are used extensively for hot water tanks for both industrial and 
domestic service. The amount of oxj'gen in ordinary potable or industrial water 
is not a serious factor, as the metal will build up a protective film. However, the 
simultaneous presence of oxygen and free carbon dioxide will definitely increase 
the corrosion rate, particularly at temperatures above 60° C (140° F). The corrosion 
rate in such waters, however, is usually not so important a consideration as the 
discoloration of the water bj’- the pick-up of traces of copper. For this reason, hot 
tin-coated silicon bronzes are sometimes used for fabrication of water tanks. 

Sea Water.§ Silicon bronzes offer excellent resistance to corrosion by sea water, 
providing the velocit}' of flow is less than 5 ft (1.5 meters) per sec. Both the 1.5% 
silicon and the 3% silicon bronzes have been used extensively for fastenings on boats 
where they are protected from contact with high-velocity sea water, but are in 
contact with salt-water-soaked wood. The silicon bronzes may be considered resistant 

• Technical Department, The American Braea Co., Waterbury, Conn. 

t Everdur 1010. 

* Everdur 1015. 

5 Refer nbo to Behavior of Metals and Alloys in Sea Water, p. 393; in particular Table 4. p. 395. 
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to fouling bj’ marine organiams under mo^t conditiona The 3% silicon bronze 
exposed at half tide to clean sea water in Long Island Sound for 2 jears corroded at 
a rate of 2 4 mdd (0 0004 ipy) and showed no measurable pitting The results of a 
laboratory test on 'ilicon bronzes in sea salt solution are gi^ en m Table 3 


Table 3 SILICON BRONZES TOTALLY IMMERSED IN 2 5% TURKS 
ISLAND SEA SALT SOLUTION 


Sue of gpecimea — 203 X 1 6 X 0 13 cm (8 X 0625 XOOSOia.) 
Surface preparation — pickled 
\ elocUj — turtmlenlly stirred 
Aeration — probably eatorated mth air 
Temperature — 50“ C (120® P) 

Duration of test — 9 months 


Corrosion Rate 


0 001 
0 032 
0 002 


Copper 

3*0 Silicon bronse 
4*0 Silicon bronze 


Mine W^ter 

Mine water is an actnel} corrosite solution because of its acidit} and feme 
sulfate content, the latter acting os a cathodic depolarizer Laboratory tests on a 
3% silicon bronze m mine iialer have given corrosion lo"es from 10 to 1000 mdd 
(0002 to 017 ipj) depending on concentration, temperature, and velocity of the 
mine water 


Table 4 EFFECT OF INCREASING SILICON CONTENT ON CORROSION 
RESISTANCE OF SILICON BRONZES 

Type of teat — alternate itnmer<ioD IHtniaioair I H mio in eolation 
Sue of apecimea mres — 0 47 cm (0 IS7 in.) diam X 20 3 cm (8 in.) lone 
Surface preparation — pickled. 

Aeration — probablj saturated with air 

Temperature — 60“C (140® F) — eulfimc acid testa 2l*C(70®F) — hydrocblone acid testa 
Duration of test — 216 hr 




10% BydrocUonc Acid 

10% Sulfunc Acid 

Silicon. $0 


Wirea 6 B A S 

W irea Annealed. 

Wires 

6BAS 

Wires \nnealed, 

nese *« 

Nos 

Hard 

7oO“< 

3, hr 

Nos 

Hard 

7o0*( 

Mhr 



mdd 

ipy 

mdd 

Ipy 

mdd 

ipy 

mdd 

ipy 

0 67 

0 22 

1705 

0 277 

1535 

0 249 

3030 

0 492 

2760 

0 448 

0 78 

0 27 

1450 

0 23o 

1290 

0 209 

SOln 

0 489 

2895 

0 470 

1 14 

0 40 

1310 

0 216 

1085 

0 179 

306o 

0 o05 

2o00 

0 412 

1 61 

0 51 

120o 

0 198 

SIS 

0 139 

2720 

0 448 

19S0 

0 326 

2 12 

0 68 

12o5 

0 207 

725 

0 J19 

239n 

0 394 

1345 

0 221 

2 56 

0 87 

1133 

0 194 

6a5 

0 110 

2720 

0 4o8 

146o 

0 240 

3 CH 

1 07 

1210 

0 209 

705 

0 119 

2360 

0 397 

1100 

0 183 

3 17 

0 89 

1190 

0 200 

T2i 

0 122 

2360 

0 397 

1240 

0 209 

4 01 

1 21 

1190 

0 208 

775 

0 126 

2240 

0 391 

89o 

0 156 
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Acids 

The corrosion of silicon bronzes by acids depends on many factors, such as 
concentration, degree of ionization, temperature, velocity, and degree of saturation 
with oxygen. Tests reported in Table 4^ show the effect of increasing silicon content 
on the corrosion resistance of silicon bronzes in 10% sulfuric acid and in 10% 
hydrochloric acid. The ratio of silicon to manganse in these alloys was maintained 
at approximately 3:1. The tests were made bj^ alternate immersion consisting of 
a 3-min cycle in which the test specimens were immersed IV 2 min and in the 
air IVs min. 

Laboratory tests on Three types of silicon bronzes in sulfuric and hydrochloric 
acids are given in Table 5. The specimens were annealed at 750° C (1380° F) 
for % hour. 


Table 5. SILICON BRONZES TOTALLY IMMERSED IN SULFURIC AND 

HYDROCHLORIC ACIDS 

Size of specimens — 5.1 X 2.5 X 0.13 cm (2 X 1 X 0.050 in.). 

Surface preparation — pickled. 

Velocity of solutions — nat. convect. 

Aeration — none. 

^ Duration of test — 48 hr. 



Copper ...95.70% 

Silicon 2.90% 

Manganese . 1.07% 

Copper. 95. 82% 
Silicon . 3.07% 
Zinc ... 1 .05% 

Copper. 95. 50% 
Silicon . 3.07% 
Zinc ... 0.96% 

Tin .... 0.38’% 


mdd 

1 

ipy 

mdd 

ipy 

mdd 

ipy 

Sulfuric acid, 25° C (77° F) 







3 % by weight 

16 

0.0027 


0.0025 

10 

0.0027 

10% 

14 

0 0023 


0.0023 

14 

0.0023 

25% 

8 

0.0014 

10 

0.0016 

10 

0.0016 

70% 

4 

0.0007 

4 

0.0006 

5 

0.0008 

Sulfuric acid, 70° C (158° F) 







3% by weight 

42 

0.0070 j 

39 

0.0066 

44 , 

0.0073 

10% 

15 

0.0026 

35 

0.0058 

33 I 

0.0055' 

25% 

22 

0.0037 

20 

0.0034 

23 

0.0038 

70% 

5 

0 .0008 

8 

0.0013 

3 

0.0005 

Hydrochloric acid, 25° C (77° F) 
3 % by weight 

23 

0.0039 

21 

0.0036 

23 

0.0039 

10% 

23 

0 .0039 

21 

0.0036 

21 

0 .0035 

20% 

18 

0.0031 

18 

0.0031 

20 ' 

0.0034 

35% 

123 

0.0207 

113 

0.0190 

111 

0.0186 

Hydrochloric acid, 70° C (158° F) 







3 % by weight 

183 

0.0307 

l95 

0.0327 

175 

0.0294 

10% 

137 

0.0230 

140 

0.0235 

105 

0.0177 

20% 

238 

0.0401 

242 

0.0406 

246 

0.0413 

35% 

1608 

0.2701 

1280 

0.2148 

1670 

0.2803 


The corrosion rates of 3% silicon bronzes and copper in several concentrations 
of acetic acid are given in Table 6. In dilute acetic acid,, the 3.5% Si-Cu alloy is 
more resistant than copper. 

The silicon bronzes are not sufficiently resistant to nitric acid except where the 
acid concentration is very low, that is, of the order of 1%. 

^ H. A. Bedworth, Trans. Am. Inst. Mining Mel. Engrs,, 83, 160-174 (1929). 
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Table 6 EFFECT OF ACETIC ACID ON 3% SILICON BRONZE 

Biift of Bpecitoen — 51 X25 XQl3 cm (2X1X0 QjO lu ) 

Surface preparation — pickled 
Velocity of Bolutione—nat eonvect 
Aeration — conla nera open to air 
PuratioQ of teat — 7 daye 
Tenipeiat'iie — 21“ to 24“ C (70® to 75* FI 


Acetio Acid 

Copper 94 93% 

8>bcoti 3 51% 

MaagaBcse 0 9G% 

Copper 

mdd 

«py 

mdd 

ipy 

107 oby wcght 

1 2 

0 0002 

4 2 

0 0007 

2o% 

9 5 

0 0016 

8 3 

0 0014 

507* 

11 9 

O 00*0 

10 7 

0 0018 

7a “1 

23 8 

0 0010 

16 7 

0 0028 

99 oSJ. 

70 1 

0 0128 

so 0 

0 0J36 


•VUKtUES 

Silicon bronzes are «atisfactoriI> rc«L«taat to alkalies, except at high concentration 
and high temperature Like copper they are not suitable for u«e with ammonium 
h>dToxid6 solutions The results of some lest* m sodium hydroxide solution ate 
given in Table 7 


Table 7 EFFECT OF SODIUM HYDJlOMDE ON SILICON BRONZE 

Su« of ipeeimea — 5 1 X 2 5 X 0 13 cm (2 X 1 X 0 050 in ) 

Surface prepurftCioa — brigbl-rolled tod deereaaed. 

Velocity of tolutioo — oat. coovect. 

Aeration — conta nen open to air 
Temperature — CO* C <M0* F) 

Duration of test — 4 weeks 


Metal ^ 

1 30% Sodium Hydroxide 

mdd 

ipy 

Copper 

17 

0 0023 

1 

SU con bronze 
Silicon bronze 

Copper % 

93 32 

Oa aO 

Satcon % ' 

1 21 

3 00 I 

ilonpanete % 1 
0 22 

1 31 

1 

la 1 

11 

0 0025 

0 0019 


Salt Solutions 

The chlorides are more actnely corrosive than sulfate^ but the silicon bronzes 
are quite suitable for both types of •'alts Ammonium chloride is definitely corrosne 
because of the activity of the chlonde ion and because of the formation of soluble 
complex copper corrosion compounds The 3% ®ihcon bronze has been used m 
ammonia-recovery equipment to handle ammomum sulfate solutions acidified with 
sulfunc acid The effect of «ea water on stlicon bronzes has already been mentioned 
fp lOo) The effect of brines encountered m the punfication of salt from salt wells 
13 given m Table 8 
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Table 8. EFFECT OF SALT BRINES ON 3% SILICON BRONZE AND 

COPPER 

Size of specimen — 5.1 X 2.5 X 0.013 cm (2 X 1 X 0.050 in.). 

Surface preparation — pickled. 

> Velocity of solutions — nat. convent. 

Aeration — containers open to air. 

Duration of teat — 4 weeks. 


Composition of Brines 

! Copper . . 
Silicon 

. 95.81% 

. 2.99% 

Copper 


Manganese 0.93% 



1 

1 

mdd 

ipy 

mdd 

ipy 

Brine from wells, 25.7 % salt in solution 





Room temperature 

2.1 

0.00035 

1.9 

0.00031 

Boiling* 

6.0 

0.00100 

6.0 

0.00096 

Salt slush, 26.5% salt in solution 





Room temperature 

1.3 

0.00022 

1.4 

0.00022 

Boiling* 

Brine from Grainers, saturated 

2.8 

0.00047 

2.7 

0.00044 

Room temperature 

1.8 

0.00030 

2.8 

0.00045 

Boiling* 

4.3 

0.00087 

3.8 

0.00079 


* Solutions allowed to cool each night. 


Silicon bronzes, similar to copper, are corroded rapidly by oxidizing salts, such as 
ferric chloride, ferric sulfate, and acid chromates. 

NON-AQUEOUS CORROSION 

"Water-free organic compounds are generally non-corrosive to silicon bronzes at 
ordinary temperatures. The organic chlorides may be found corrosive to these alloys 
at boiling temperatures if moisture is present. Under such conditions carbon tetra- 
chloride is the most severely corrosive of the common organic chlorides. 

GASES 

Silicon bronzes are resistant to corrosion by dry gases such as chlorine, bromine, 
fluorine, hydrogen fluoride, hydrogen sulfide, hydrogen chloride, sulfur dioxide, and 
ammonia. All these gases are corrosive in the presence of moisture. 


Steam 

Silicon bronze containing 3% silicon, tested in steam at 125 to 150 psi for 78 vreeks 
corroded at the rate of 3.5 mdd (0.0006 ipjO (based on weight loss). There has been 
some indication that the 3% silicon bronze is corroded intergranularly by high- 
temperature steam. ' 


ATMOSPHERIC CORROSION 

The silicon bronzes have the same order of resistance to corrosion by normal 
atmospheres as pure copper. The corrosion resistance of sheet metal specimens 
exposed vertically for 10 years in se\'eral atmospheres is shown in Table 9.2 

* W. H. Tinkeldey, Proc. Am. Soc. Testing Afotfrials, 43, 137-154 (1943) 
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Table 9 EFFECT OF ATMOSPHERES ON SILICON BRONZE 
Copper 95 90*0 alicon 2 88®o manganese I 13% 

Size of epecimea — 22 9 X 30 5 X 009 cm (9 X 1“’ X 0 033 m ) 

Surface preparation — ptckled. 

Duration of test — 10 yr 

Aoie Gorro' on products remoTcd by 10% eulfune acid d p at end of teat 


T*sb 


Location 




ipy 


Altoona Pa industrial 

New York N Y industrial marine 

Sandy Hook \ J marine 

KeylVe«t Fla. marine 

La Jolla Cal f marine 

State College Fa. rural 

Pheonii Ana dry rural 


0 32 
D 36 
0 27 
0 23 
0 42 
0 11 
0 04 


0 0000 3 
0 OOOOOl 
0 0000-tJ 
0 000039 
0 000071 
0 000019 
0 000007 


Silicon bronzca are definiteli more resi^lanl to stress corrosion crccLjn^ C'eason 
cracking) than bra^s on exposure to polluted atmo pheres 


COPPER-BERYLLIUM ALLOYS 
Beryllium Copper 
A ^ Tract* 

Beryllium copper was developed as a high-slrenglh heat treatable alloj having 
corro ion re«i tant properties equivalent to tho«o of copper Berjllium copper u«uallj 
contains 1 70 to 2.2o% beryllium and often about 025% nickel and the remainder 
copper The following discus ion is based Jargelj on experience with the aIlo> 
containing approximatelj 97.50% copper 215% berjllium and 0.35% nickel The 
nickel la added pnncipallj to xnrevent gram growth on heat treating and to increa'^e 
ductilitj ^ It probably has little if an} effect on corrosion resistance 

Phj'ical constants and tensile properties of the alloj are given m Tables 1 and 2 

The Be Cu alloj s find widest u«e for spnngs diaphragms bearing parts v'alves, 
etc where high strength and resistance to "hock and fatigue are required m addition 
to good corrosion re^i^tance The resistance of berjllium copper to various atmos 
phene conditions is thus more important than its resistance to activelj corro ive 
solutions As a result the corrosion data for this alloy are quite meager In general 
however it maj be said that the corrosion re«istance of berjllium copper is 
equal to or "lightlj better than the corrosion resistance of pure copper m most 
env ironments 

Like copper, berjlhum copper is not readily corroded mtergranularly but highlj 
'tres'ed beryllium copper diaphragms have been cracked when exposed to moist 
ammonia and air 

In general the alloj maj be considered to be re istant to "elective corrosion 
However halogen gases at slightlj elevated temperatures are known to have attacked 
the beryllium content "electivelj 

• Technicsl Department The American Brass Co Waterburv Conn. 

* H F SOIiman 7n<f Fnjr Chem 28 11"4-142S (19361 
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Table 1. PHYSICAL CONSTANTS OP BERYLLIUM COPPER 


Melting point, "C 
Density, grams/co 
CoefBoient of linear expansion 
Electrical conductivity, I. A. C. S.,* % 
Thermal conductivity ( % that of copper) 

• International Annealed Copper Standard. 


955 

8.22 

1.77 X 10~V°C (0.98 X 10~V°P) 
18-25 
21.5-26 


Table 2. TENSILE PROPERTIES OF BERYLLIUM COPPER* 


Material Not Precipitation-Hardened 



Tensile Strength 

Yield Strength, 
min, psi 

Elongation in 2 in., 
min, % 

Annealed 

80,000 

« • . 

35.0 

M Hard 

73,000 

. . . 

10.0 

14 Bard 



5.0 

Hard 

95,000 


2.0 


Material Precipitation-Hardened 


AT 

150,000 


5.0 

MHT 

160,000 


3.5 

14 HT 

170,000 

93,000 

•2.0 

HT 

180,000 

95,000 

1.0 


• A. S. T. M. Designation B 120 — 41T. 


Sea Water 

Beiyllium copper offers better resistance to impingement corrosion in rapidly 
flowing sea water than copper, but the impingement resistance is not comparable to 
that of the alloys regularly used for condenser tubes such as Admiralty, aluminum 
brass, or cupro-nickel. (See Condenser Corrosion, p. 545.) Corrosion tests made in 
clean sea water in Long Island Sound indicate that the alloy is more resistant than 
phosphorus deoxidized copper (Table 3). 


Table 3. BERYLLIUM COPPER IN SEA WATER IN LONG ISLAND SOUND 

Size of specimens — 20.3 X 1*0 X 0.13 cm (8 X 0,625 X 0.050 in.). 

Surface preparation — pickled. 

Velocity of sea water — tidal flow, specimens at half tide. 

Aeration — probably saturated with air. 

Temperature — 0° C (32° F) to 21° C (70° F) (water temperatures) 

Duration of test — 10 months, June-April. 


Metal 

Composition, % 

Corrosion Rate 

Copper 

Phosphorus 

Beryllium 

Nickel 

mdd 

ipy 

Phosphorus deo.\idized 
copper 

Beryllium copper 
SOO-4-275* 

800-300 1 

99.94 

97.56 

0.017 

2.00 

0.35 

5.6 

2.3 

2 3 

0.0009 

0.0004 

0 .0004 


• Quenched from 800° C, rolled 4 B & S Nos. hard, precipitation heat-treated at 275° C for 2 hr. 
t Quenched from 800° C, precipitation heat-treated at 300° G for 3 hr 
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In a potential test m «ea water bei^lbmn copper was anodic to phosphorus 
deoxidized copper by 50 millivolts when both metals were immersed but within 24 
hours the potential was rever'ed and beryllium copper was cathodic by 50 millivolts 

AciDb 

An accelerated test indicates that beiylUum copper is less resistant than phos- 
phorus deoxidized copper to corrosion in 10% sulfuric acid and more resistant m 
10% hjdrochloric acid The results of the test are given in Table 4 

Table 4 BERYLLIUM COPPER — ALTERNATE IMMERSION IN ACID 
SOLUTIONS 

S le of specimeM — SO 3 X t C X 0 13 «m (8 X 0 625 K 0 OoO in.) 

Svirfaee preparation — pieltled 

Alwrnate immers on cycle — 1 X n> n in solution 1 mia m wr 
Aerat on — probably eatur&ted with air 
Temperature — 10% aul/onc acid-— -CO'C (140® F) 

10% hydrochloric acid-- 2t® 24®C (70®-75*P) 



* Quenched from 800® C rolled 4 Q d. 8 No* bard prec pitation heat-treated at S7o® C for 2 hr 
t Quenched from 800® C precipitation heat-treated at 3Qo® C for 3 hr 


GOLD AND GOLD ALLOYS 

E M Wise* 

Pure gold has a low chemical afilnity for most elements, and its corrosion resistance 
arues from this fact, rather than from the formation of pas'it e films On electrob 'is, 
howeier, a gold anode may become passu e Thermochemical data useful in 
estimatmg the domain within which corrosion can be anticipated are presented by 
Bichows^ and Roesini t 

Gold lb resistant to alkalies ^alts, and many acids including suUunc, hydrochloric, 
and nitric acids the last-named acid haring a specific granty not over 1 46 and free 
from traces of halogens Gold, however, is rapidly attacked bj chlorine and bromine, 
and generallj by iodine 

USES OF GOLD AND GOLD ALLOYS 

PmiE Gold 

The rather moderate melting point of gold 1063® C (1945® F), its 'oftness as well 
as its mlnerabiUty to halogens restrict its use m the pure form Pure or nearly pure 

* The laternat onal Nickel Co Ine New Ycwk N Y 

*F R. B chowsky and F D Roesua The Tiamoehemutry of the Chemwil Suhstjncee pp 295-208 
Re ahold Publishing Corp hew York, 1936 
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gold, is occasionally used in chemical equipment as a lining, and at one time found 
considerable use in pans for concentrating sulfuric acid. It is also used as a solder 
for platinum, and sometimes as a decorative and partially protective electroplate 
in laboratory equipment. Thin electroplates of gold like those of other metals tend 
to be porous. In addition to its use for jewelry and other appearance items, it was 
used until recently for coinage in alloys containing 90% or more of gold. Pure and 
slightly alloyed gold in tha form of leaf about 6 millionths of an inch thick has 
numerous uses for signs and decoration in both indoor and outdoor exposure. 

PLATINtJM AND PALLADIUM AlLOYS 

In its most important chemical application, namelj’- for rayon spinnerets, a gold 
alloy containing 30% of platinum is one of the alloys employed. The 20% Pd-Au 
alloy had limited use for spinnerets, although it is believed that a ternary alloy 
containing gold, platinum, and palladium is much more suitable than the binary 
alloy. In recent yfears, considerable replacement of gold-base spinnerets by high- 
platinum alloys has occurred. The 90% Au-10% Pt alloy ,2 as well as the alloys 
containing 20 to 30% palladium, remainder gold, have been used for laboratory 
chemical ware as substitutes for platinum, and possess higher melting points and 
greater hardness than pure gold. 

Silver Allots 

The simple Au-Ag alloys are solid solutions at all temperatures, are all very soft, 
and find little direct application, aside from the restricted decorative use of the 
75% Au-25% Ag alloy constituting “green gold.” Some small use has been made of the 
70% Au-30% Ag alloy and the 10 to 20% Au, remainder Ag, alloys for electrical 
contacts, as well as the harder 70% Au-6% Pt-24% Ag® alloy, now replaced' almost 
wholly by palladium. Alloys containing 20 to 30% gold, remainder silver, are very 
important in assaying because the silver can be quantitatively e.xtracted, as will be 
discussed later. 

Copper Allots — Ordering 

Copper is an extremely effective hardener for gold. It is employed for hardening 
gold coins and is a component of many more complex alloys. Occasionally, the 
75% Au-25% Cu alloy (18 carat*) of reddish color is employed for decoration on 
jewelry. 

The 25% Cu alloy, which closely approximates 50 atomic per cent Cu-Au, or the 
compound AuCu, is a solid solution at high temperatures. However, below about 
430° C (805° F) a rearrangement occurs, in which the random arrangement of atoms 
in the simple face-centered cubic lattice is replaced by a slightly tetragonal ordered 
structure in which the gold and copper atoms have a regular arrangement. This 
change causes an alteration in the mechanical and electrical properties, but its effect 

* The carat is the proportion of gold in an alloy in twenty-fourths. It is calculated on the following basis : 
Wt.%Gold X24 
100 

The fineness of gold is the gold content in parts per thousand. 

Gold-clad or laminated stock, frequently employed for jewelry, is designated by the ratio of weight of 
the gold alloy to the total weight of the material. For example, 1/10 14-carat stock would contain 1/10 X 
14/24 or 5.8% gold by weight. 

It should also be noted that Troy weight is standard in the precious metal industry. The Troy ounce is 
equal to 1.097 avoirdupois ounces and is equivalent to 31.1 grams. 

®K. W. Frohlich, Ckem.-Ztg., 66, 161-163 (1942). 

^ E. B. Craft and J. W. Harris, U. S. Patent 937, 284 (1909) 
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upon corrosion resistance is not decisive Harder* ** presents a detailed review of the 
views concerning this transformation and the ordering at a composition corre- 
sponding to AuCus The AuCu composition is very troublesome to work and for 
this and other reasons finds little practical use although it is of great scientific 
interest 

CopPEii AND Silver Allots 

Alloys in which part of the copper is replaced by silver are much more generally 
useful and arc the ba'is of the yellow and greenish yellow golds employed in the 
jewelry industry ® ® Most of these alloys respond to age hardening In the high 
carat alloy« this is due largely to the Au Cu ordering reaction In the low carat golds 
age hardening may be due to a pha«e based on AuCus or to v estiges of the Ag Cu 
eutectic which extends out into the ternary field ^ Some of the low-carat alloys aUo 
contain zme which produces age hardening phaseo® 

As much as 5% mckel and «ome zinc are added to produce the 10 and 12- carat 
pink or tan alloys used for eyeglass frames Alloys containing Au Ag and Cu 
and generally palladium and platinum are standard for dental restorations because of 
their good corrosion resistance high strength and age hardenability Their properties 
in both wrought and cast form have been studied in detail® to ti 12 

Pen mbs of Au Ag Cu alloys arc subjected to several varieties of corrosive agents 
m the ink and al 0 to tarai«hmg hence a 14 carat alloy is required for this application 
Ev en at this level, stress cracking or stress coricbion cracking has at times been a 
problem 

Nickel Allots 

The Au Ni alloys are solid solutions at high temperatures but separate into nearly 
pure gold and nearly pure nickel on «low cooling In that state they are easily 
attacked by nitric acid The solid-solution alloys arc hard and the 75% Au 25%Ni 
alloy is white but has little u«c Related alloys containing zme and generally copper 
form the ba&is of the IS-carat 14 carat and lower carat white golds which are 
extensively u«ed for jewelry Many of these alloys undergo complex and incompletely 
understood transformations on beating at low temperatures 8 

CORROSION CHARACTERISTICS OF PURE GOLD 

'iTli'/LCiVlOTl VV/t h/A/i-.VOT vlt % WCTTiWl tA TTftd'Sv V5> 

=ummanzed m Tables 1 and 2 and additional data for temperatures above 100® C 
(210® F) are giv en m the “ection on high temperature behavior (p 699) 

Pure gold is not attacked by oxygen or by sulfur sulfur dionde or selenium but 
at high temperatures iclluntim reacts with il '3 There is however, some evidence of 

* O Harder A S Mttalt Handbcolt pp I49C-1S02 1939 

*F E Carter Trans Am Inst Mining MH Engri 7$ 786-802 (1928) 

* L. Sterner Rainer Z Melallkunde X8 143 (1926) 

*R,F Vines and E M W se Age Hardening Free ous Metal Alloys Am Soc ifelal$ Simpottum on 
Ase Hardening 190-226 (1939) 

*E-M VTae Trans Am Inst Hirnng Mel Eagrs 83 384-403 (19291 

* W Souder and G Paffenbarger ATo / Bur Standards (IT S ) Cixc C-443 (1942) 

R L Coleman J Am Denial Assoc 13 SW) (192a) Dental Cosmos 69 1007 (1922) 

“EM Wiae W C Crowell andj T Easb Trans Am Inst M mng Mel Bngrt 99 383-407 (1932) 

** E M Wiae and J T Easb Trans Am Insl Utmnp Jtfet Enors 104 277 303 (1933) 

“L. ho«ack and J Spanner Die Korrosioa Met Werhstoffe byO Bauer O Krohnke and G Maaing 
V ol II p 823 S Uirzel Le psig 1938 
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the existence of a minute oxide film, and that it produces mild passivity.* A film 
sufficient to prevent amalgamation is said to develop on exposure to and it is 

known that alkaline sulfides attack gold, presumably in the presence of oxygen. 
Gold is extremely resistant to suljuric acid, and the slight corrosion that does occur 


Table 1. BEHAVIOR OF GOLD IN VARIOUS MEDIA 


Medium 

Temp. 

Rating 

Medium 

Temp. 

Rating 

Sulfuric acid 

R. T. 

mm 

Fluorine 

R. T. 

A 


100° C 



100° C 

A 

Sulfuric (fuming) 

R. T. 


Chlorine — dry 

R. T. 

C 

Persulfurio acid 

R. T. 


" — moist 

R. T. 

D 




Chlorine water 

R. T. 

D 

Selenic acid 

R. T. 


Bromine — dry — liquid 

R. T. 

D 


100° C 


Bromine water 

R. T. 

D 




Iodine 

R. T. 

B 

Nitric acid, 70% 

R. T. 

A 

Iodine in KI 

R. T. 

D 


100° C 

A 

Iodine in alcoliol 

R. T. 

C 

Nitric acid (fuming) 

R. T. 

B 

Ferric chloride solution -fHCl 

R. T. 

B 

Aqua regia 

R. T. 

D 

Sulfur 

100° C 

A 

Hydrofluoric acid, 40% 

R. T. 

A 

Selenium 

100° C 

A 




Hydrogen sulfide — moist 

R. T. 

A 

Hydrochloric acid, 30% 

R. T. 

A 





100° C 

A 

Sodium sulfide + oxygen 

R. T. 

C 

Hydrobromic acid, sp. gr. 1.7 

R.T. 

A 

Potassium cyanide -b oxygen 

R. T 

D 

Hydriodic acid, sp. gr. 1.75 

R. T. 

A 

As anode where acid halogens 



Perchloric acid 

R. T. 

A 

or CN are involved 

R. T 

C-D 


100° C 

A 

Mercury and other molten 






metals 


D 

Acetic acid 


A 




Citric acid 


A 




Tartaric acid 


A 




Hydrogen cyanide solution 


C 




oxygen 






Phosphoric acid 

100° C 

A 





R. T. — room temperature. 

A — ■ little or no attack. 

B — slight and generally acceptable. 

C — considerable corrosion. (Metal is not useful except for small laboratory equipment) 

D — rapid corrosion. 

above 250° C (480° F) appears to be dependent upon the availability of oxygen. 
A hot mixture of sulfuric and nitric acid rapidly attacks gold,i5 as do hot mixtures 
of sulfuric acid and oxides of the heavy metals.^® 

The reactivity of the halogens toward gold is a minimum when they are 
extremely dry, but attack occurs at moderately elevated temperatures, generally 

* Since the freeenergy of formation for AU 2 O 3 is positive (18,710 gram-calories per mole) it appears more 
likely that any such film would consist of adsorbed oxygen. Editor. 

“ W. Skey, Chem. News, 22, 282 (1870); 23, 277 (1871). 

“ V. Lenher, J. Am. Chem. Soc., 2G, 552 (1904). 

J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 3, p. 529, Long- 
mans, Green and Co., London, 1923. 
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be expected. Mixtures of h 3 ^drochloric, hj'drobromic, ^position on the tarnish rate 
acid are extremely active, the first combination (aqua .'ittle occasion to study gold 
effect solution of gold. Hydrofluoric acid plus nitric acid, liKm 95 % gold is considered 
In the absence of air or other oxidizing components solutiogys ma}’’ be required in 
homologues are not corrosive to gold, but on heating at high te.. pt 
under air pressure, HCl becomes quite reactive, according to Ogiyzlo.2- 
Gold/is attacked by a solution of HCN containing oxj'gen, and is moi 
attacked by solutions of NaCN or KCN containing air or other suitable oxi.- 
agents. Use is made of this fact in extracting gold from certain of its ores.23,24 . 
mixture of 10% KCN and 10% (NH 4 )S 208 -® is widely used for etching gold alloys 
in metallogi-aphy. 

Anodic Corrosion 

A gold anode in an alkaline C3'anide solution is attacked, and in suitable solutions 
a very smooth deposit of gold occurs at the cathode. For these reasons, and also 
because of the low noble-metal ion concentration in such solutions, the C3mnide bath 
is normally used for gold plating.^o 

As an anode, gold dissolves quite readily in acid-chloride solutions, but at suffi- 
ciently high current densities it may become passive. When considerable silver is 
present as an alloy, solution may become slow, even at lower current densities. The 
superposition of alternating current, as ih the WohIwill27 Process for gold refining, 28 
insures rapid solution, despite the presence of silver. 


CORROSION CHARACTERISTICS OP GOLD ALLOYS 

Additions of silver, and particularly copper, lower the nobility of gold, as might 
be expected ; but the effect on the acid resistance is very slight at room temperature 
down to about 50 atomic per cent gold (wliich is about 65 weight per cent gold in the 
case of the silver alloys and about 75 weight per cent for the copper allo 3 's). Below 
this the activity toward strong corrosive agents increases rapidly, as studied in detail 
by Tammann^o ,30.31 and his coworkers. For weaker corrosive media a generally less 
sharply defined limit slightly above 25 atomic per cent can be observed, as indicated 
in Table 3. While these reaction limits offer some guidance in specifications of alloys, 
complete reliance cannot be placed upon them in practice. 

The effect of variations in composition on the corrosion behavior of 10-carat jewelry 
alloys has been presented by Jarrett.32 

“ S. P. Ogryzlo, Econ. GeoL, 30, 400 (1935). 

Robert Peele, Mining Engineers’ Handbook, 3rd Ed., Vol. II, 33-07, 33-10, John Wiley and Sons, New 
York, 1941. 

■* Ernst Beyers, J. Chem. Met. Mining Soc., South Africa, 37, 37-89; 148-152 (1936). 

^ M. C. Jewett, Special Report, Research Laboratory' of the Wadsworth Watch Case Co., Dayton, Ky., 
1923. 

^ W'. Blum and G. B. Ilogaboom, Principles of Electroplating and Elcetro/orming, 2nd Ed., pp. 362-372, 
McGraw-Hill Book Co., New York, 1930. 

German Patent 207, 555 (1908). 

’®H. J. Creighton and W^. A. Koehler, Principles and Applications 0 / Electrochemistru, 2nd Ed., Vol. 
II, Applications (by Koehler), pp. 179-lSl, John Wiley and Sons, New York, 1944. 

G. Taminann and E. Brauns, E. anorg. Chem., 200, 209 (1931). 

G. Taminann, Die Korrosion Met. Werkstoffe, by O. Bauer, O. Krohnke and G. biasing, Vol. II, pp 
788-793, S. Hirzel, Leipzig, 1938. 

G. biasing, Trans. Am. Inst. Mirxing Met. Engrs., 104, 16 (1933). 

^ Tracy Jarrett, Trans. .4m. Inst. Mining .Met Engrs., 137, 447—455 (1940). 
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forming rather %olatiIe compoiE 3 REACTIOV LIMITS* 


chlorine is actne at 80® C V 

Liquid cfifonne is sery a 

reactn e halogen with rei Solid s<dui ons 

Cd As Au Sol d 1 
Solutioua 
(Atomic Ratio 
Cu to Ag — 1) 

Ag Au Solid Solutiona 








At % Au 

Wt %Au 

At % Au 

1 At % Au 

Wt %Au 


24 5-2o 0 

SO 2 51 5 

2C-30 



NOj)j 



20-24 

24 5-25 5 

37 2-38 5 

tCl 

24 5-2o 5 

SO 2 51 5 


24 5-25 5 

37 2-38 5 

(NHihS- 

24 5-25 5 

50 2 ol 5 

20-24 

' 32 

40 5 

NaSi 




1 37 32 

40 3-46 2 

Na S 

22 

46 7 


27 

40 3 

HNOs (ap gr 






1 3) 



30-40 

48 0-49 0 

62 8-63 7 

HcSOi 

49-50 

74 0-75 o 


50 

64 7 

HgCl 

Aolrmt 

I -,0 limit 





* Below these eoacentrat ons at room temperature apprec able attacV occurs Reactioo 1 m t is here 
used instead of partins I mit because complete partioe may not occur m ail cases 


Partin Q 

The resistance of gold to chloride-free nitric acid of not too high concentration^^ 
18 the basis for the parting operation in as«a>iDg for gold^^ In this step an essen- 
tially Au Ag alloj U5ualb containing 20 to 30% gold rolled to a tbm strip is 
treated with nitric acid (1 part nitnc to 3 parts ttater) After action ceases the 
eample is treated with 1 I nitnc acid to temo%e any re«idual silver The residue is 
nearb pure gold If the alloy is loo low in gold or i» treated initially with too strong 
acid the gold does not remain in a coherent strip and so mechanical lo es may 
result Treatment with mtric acid aboic a density of 1 40 will produce appreciable 
loss of gold by solution 


Tarnishing 

Tarnishing due to H"S elemental «ulfur or other non oxidized sulfur compounds 
IS of con iderable impoitance from an aesthetic standpoint and in u»e in elecliical 
contacts In the normal dental and jewelry alloy" 14 carat and abo\e, the corrosion 
resistance is generally "ulBcient for normal applications and such alloys usually 
iv TvA’ii ^Av/t wrl* ** Thtt •pi'tW/tmi Vmm/eb 

more acute in the low carat jewelry alloya and the corrosion re^i tance of the latter 
IS not always adequate These lower carat alloys are generally X'ulnerable to the 
nitnc acid spot test 

The effect of \anous additions on the tarnish resistance of the multi-component 
alrojs IS not simple For instance white gold jewelry alloys containing rather large 
amountS^J^ nickel haie relatnely good resistance to indoor atmospheric tarnishing 
and the ^ portion of the gold in the dental type alloys by palladium 

lather sharpb^™^^^'' tarnishing behaMor For indoor atmospheres the rate 
°f tarnishing of alloys drops rather steadily from a high lalue for siher 

*If V, rated mtne acid placed, on the alloy does not discolor and leaves no epot theaUoy 

i "I* or coneenfr ' ^ i . . 

“ "aid to mn.t,„d a. \> 

Tammanti A^^Irauns Z aniyrg Ckeia SOO 209 (19311 

** O C Shepard^” ^ D etneh Ftr«An'i»t>W latEd 7i»-S4 McGtaw HiU Book Co NewYorb 
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to a negligible value for 70% gold. The effect of composition on the tarnish rate 
under outdoor exposures is uncertain, as there has been little occasion to study gold 
alloys in such exposures. In the case of gold leaf, not less than 95% gold is considered 
necessary to avoid tarnishing. In tropical climates 18-carat alloys may be required in 
jeweliy to withstand service conditions. 


INDIUM AND INDIUM ALLOYS 
G. B. Barton* 

Indium has been available in commercial quantities for such a comparatively short 
time that its corrosion characteristics have been studied for only a few applications. 
Its physical characteristics of low melting point (155° C, 311° F), low strength, and 
extreme softness (1 BrineU scale) make it useful for special applications. To date, 
it has found most widespread use for plating engine bearings for protection against 
corrosion. Patents have been granted for plating on silver or alloying with silver to 
improve resistance to tarnish, particularly by sulfur and hydrogen sulfide. 

Of the commonly used metals, tin most nearly resembles indium in behavior in 
aqueous acids, neither being very resistant, especially in the presence of dissolved 
oxygen. However, indium, not being amphoteric, shows excellent resistance to the 
action of alkaline solutions. Dissolved oxygen accelerates the rate of attack, par- 
ticularly in acids. Since indium is generally placed between cobalt and cadmium in 
the electromotive series, it can be surmised that its galvanic behavior would resemble 
that of these metals. 

Some tests were carried out to determine the relative rates of attack by various 
acids and alkalies.^ The results are tabulated in Table 1. 

Since lubricating oils at times contain organic acids which are formed by break- 
do^vn of the oil, experiments were conducted to obtain data on the accelerated rate 
of attack of pure indium. A solution of 5% by volume of oleic acid in a Penn base 
S.A. E. 10 motor oil was used. It is to be emphasized that this concentration of 
acid is much higher than would ordinarily be found in lubricating oils. Two specimens 
of indium similar to those used in the aqueous tests were suspended on glass hooks 
in 1.1 liter of the acid-oil solution at room temperature. Air was bubbled through 
the solution continuously. At the end of 12 days there was no change in weight. The 
specimens were then placed in a loosely stoppered flask containing 500 ml of the 
same acid-oil mixture and placed in an oven at 136° ± 3° C (277° ±5°F). At the 
end of 2 weeks the specimens showed a loss of 7.65 mdd and were covered with a 
brown tarnish film. 

Experiments with indium-plated bearings have been reported.2,3 Since the indium 
plating rapidly diffuses into the surface layer of the underlying metal at operating 
temperatures, these results are actually those of an alloy. Others^ have reported on the ^ 
action of used lubricating oil on Pb-In diffusion alloys. In all cases they reported that 
indium greatly improved the resistance of the bearings or bearing alloys to corrosion 
by lubricating oils. 

Indium shows good resistance to tarnish in indoor atmospheric exposure. It resists 

* Central Research Laboratory, American Smelting and Refining Co., Barber, N. J. 

* Unpublished data, American Smelting and Refining Co. 

^ C. P. Smart, Trans. Am. Inst. Mining Met. Engrs., Inst. Metals Div., 128, 295 (1938). 

® L. Raymond, J. Soc. Automotive Engrs.. 60, 533 (1942). 

■' J. M. Freund, H. B. Linford, and P. W. Schutz, Trans. Electrochem. Soc., 84, 65-69 (1943). 
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Table 1 CORROSION RATES OF 99 9% INDIUM IN ACIDS AND ALKALIES 

Sue of specimea — 26 X 76 X 2 3o mm (1 X 3 X 0 0S4 la ) 

Surface — 0 44 sq dm 

Surface preparat on — etch nl >4 4 HCl HNOi HjO for 30 see or unt 1 gram pattern is vis ble 
Temp — room (appro* 30* ±5*0 

teration and velocity — a r I ft Pump kept solution m slow e rculation. 

Dura ion — j da>8 in 1% solut one and 7 days in 5% solutions 
\ ol of solui on — 1 o 1 tera 
Total ramers on 

The I % solut ons changed every 2 days 5% solutuniB every 4 eUya 


Solution 

Compasit on 

pn 

Wt Loss mdd [ 

Appearance 

HCl 



123 

Br ght 

UNO, 

1% 


29^ 

Bright with gram boundar es etched 

IIiSOi 

1% 


176 

Br ght 

Aoetip 

I®; 

2 1 

130 3 

Gray tarnish 


5% 


172 9 


Citrio 

1% 

2 15 

21 S 

Bright 


6% 


122 2 


OxaliD 

1% 

1 45 

11/ 6 

Very 1 ght tarnish 


5% 


98 

Bright 

Lnet 0 

5% 


151 5 

Very light tarouh 

Suee mo 

5% 


122 8 


NaiCOs 

5% 


7 gain 


NnOH 

6% 


2 5 

L ght ^y film 


ONidation at temperatures up to a little above the melting point but at higher 
temperatures is o\idized to form lD20a Sulfur and HsS in the atmosphere are 
virtually without effect 

Two specimens similar to tbo c used in the immersion tests 26 by 76 by 23o mtn 
(1 fai 3 bj 0 084 in ) were placed in a salt «pra> chamber for 6 weeks The chamber 
was operated at So* ± 2“ C (95* ± 4* F) using 3% NaCl Upon removal the speci 
mens were found to be partially covered with a hard jcllon film the color of InoOs 
onlj slightly soluble m acetic acid A gam in weight of 35 5 mg (1 93 mdd) was noted 

Indium allojs have been little investigated It has been reported-*® that iVie 
addition of indium to tin reduced the tendency of tin to corrode in aqueous media 


ATMOSPHERIC CORROSION OF IRON 
C P Larrabee* 

The rate of atmospheric corrosion is dependent upon A The length of time 
moi ture is in contact with the surface B The extent of pollution of the atmosphere 
C The chemical compo ition of the iron or steel 
That factors A and B are both of great importance is "een in the results of tests 
of the Iron and Steel Institute (Bnti«h) * Samples of the ^ame iron exposed m a 

• Researcli Laboratory Carnegie-lUinois Steel Corp \andergnft Pa. 

®C G Fink E R Jetie S Kat* and F J Sdinettler Tram Electroc/nm Soe 75 463-469 (1939) 
•G Derge Trana Elerlrocfum Soc 75 460-470(1939) 

1 J C Hudaon, Offioal Investigator to the Corrosion Committee Paper 10 p 49 Iron and Steel Insti- 
tute 4 Groevenor Garden London S W 1 1943 
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similar maimer lost one hundred times as much weight in the humid industrial 
atmosphere of Frodingham, England, as in the dry semi-tropical atmosphere of 
Khartoum, Egiiit. Corrosion of unprotected steel is also verj- severe in marine 
atmospheres, especially where the metal is subjected to periodic wetting by salt water 
or spray. The relative corrosion rate is small in impolluted inland atmospheres in 
the arctic, temperate, or tropic zones.i 

Variations in the compositions of irons or steels (factor C) may play as important 
a part as atmospheric environment. Tliis is illustrated by the fact that in the indus- 
trial atmosphere of Kearny, N. J., a structural steel with 0.04% residual copper lost 
135 grams per sq dm after 8 years of exposure, whereas a similar specimen of a steel 
containing 11.4% chromium lost only 0.16 gram per sq dm. A verj’ thin and adherent 
red rust formed on the latter specimen. 

There are two common methods of decreasing the atmospheric attack on ferrous 
metals when the alloy content is below that of the stainless grades. The first is to 
cover the metal with a protective coating, either metallic, such as zinc, tin, lead, or 
nickel and chromium, or non-metallic, such as paint. The second is to add alloying 
elements to iron which by promoting the formation of a more dense, adherent, and 
hence protective rust, cause a much slower attack. Only the second method of 
decreasing atmospheric attack is considered in this chapter. (For discussion of first 
method, see Corrosion Protection, beginning p. 801.) 

Since the corrosion rates of steels which remain continuously moist var 3 ' greatly, 
depending upon the particular conditions of exposure, the following discussion is 
intended to apply only where the rust can diy periodically. 


COPPER STEELS AND IRONS 

The most extensive attempt to determine the relative atmospheric corrosion 
resistance of commercial sheet products was started in 1916 by the American Societj’ 
for Testing Materials, and has continued to the present time.-. It is noted in these 
reports that the rust on ferrous materials containing 0.1 to 0.3% copper is more dense 
and adherent than that on similar products of lower copper content. 

In Fig. 1 are shown graphically the results of two of these tests on corrugated 
sheets of 22 gage (0.79 mm, 0.031 in.) exposed 30° to the horizontal. Examination of 
the chart shows a large difference in the corrosiveness of the atmospheres at 
Pittsburgh, Pa., and Annapolis, Md. However, at both locations, all materials 
containing copper have a longer life (years to visible perforation) than similar 
low-copper products. At Pittsburgh, the open hearth copper steel remained with- 
out Hsible perforation nearly three times as long as the average low-copper open 
hearth sleet. Owing to the combined effect of phosphorus and copper, this ratio is 
increased in Bessemer steels (averaging 0.10% phosphorus), with the result that 
the copper-Bessemer steel sheets were the most resistant in the test. Attention is 
called/to the fact that the addition of 05% copper does not improve the resistance 
of tly* wrought iron as much as it does the open hearth or Bessemer steels. The 
same is true, but to, a lesser ex-tent, of the materials designated bj- the A. S. T. M. as 
open hearth irons. The Pittsburgh test was discontinued after about 6 years (1923), 
but that at Annapolis was still in progress in 1946. 

Plqisphorus (0.01 to 0.3%) apparent^’- has a verj' marked beneficial effect upon the 
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atmospheric corrosioa resistance of copper steel’ < 5 It has a more noticeable effect 
when present in amounts greater than 0 05%, but it is seldom present m large amounts 
m open hearth copper steel on account of the adverse effect upon cold forming 
qualities 



Fio 1 Data on Effects of High and Low Copper on Atmospheric Corrosion of \arious 
Steela and Irons (Ftom tests of Subcommittee III Committee A 6 A S T M ) 


LOW ALLO^ STEELS 
(Less than 10% total alloy content ) 

Economic reasons limit the practical additions of suitable allowing elements 
Net ertbeleas loss of-weight determinations show that relatively small amounts of 
m3n3 elements, 'inglj or combined confer appreciable atmospheric corrosion 
resistance on eleels Space does not permit a detailed exposition of the effect of each 
individual allojing element but Fiench and LaQue* cover the subiect quite thor 
oughlj Experience has "hown that it is UcCes^iy tO ejpo's^^ch steel with its 
particular commnation of aIIo>jng elements in the type of atmosphef^ which it 
will be u«ed in order to determine with exactnesa its relative corro'iod rate Data 
from te ts in industrial atmo'qjhercs cannot be applied to marine atmospheres, or 
vice ver«a This i» evident from an cnammation of Fig 2 It is «een that the loss in 
weight of the copper steel during the fir«t 0w5 and j ears is con'iderahly less m 
marine than in industnal atmosphere but from the shape of the curves it is probable 
that the corrosion lo ^es in the marine atmosphere will ev entuallj be higher than in 
the mdu trial atmosphere It is also apparent that, although the 3-5% mckel stetl lo'es 

Daeves Die WeiterentwjcVluDE wittwoDgsbestandiger ElaliJe Arch SuenhUltenui S 1 
pp 37-40 (193a) 

4\ \ Kendall and E S Tayletson \ Cnlital Study ot Vhe A STM Corros on Dataoa Uneoated 
Commercial Iron and Steel Sheets Pror Am Spc Tahii^ 3f<Uer%ale 89 Part 2 204-219 (1929) 

®C II Long and D E Krause Fhospborus as an ABoying Element in Love Carbon Low Alloy Steels 
III Vetalt aTid A!U>y! 7 69 (1936) 

J French and P I* LaQue AHcy Condmdvnuii Steele PartVlII pp 140-206 Amentan Soe ety 
for Metals Cleveland Ohio 1942 
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considerably less weight in marine than in industrial atmosphere, the opposite is 
true of the more complex Ni-Cu-Si-P steel. 

The effects of different allojdng elements in promoting corrosion resistance are 
not always cumulative, although such additive properties are often observed. 
Phosphorus increases the atmospheric corrosion resistance of many low-alloy steels, 
especially in an industrial atmosphere. As with copper steels,'^ phosphorus in amount 



Pro. 2. Time-Corrosion Curves of Three Steels in Marine, and Industrial Atmospheres. 

(Specimens 10.2 by 15.2 cm [4 by G in.].) 

greater than 0.05% is usually necessary to cause a worth-while improvement. 

Visual inspection of i listed specimens of alloy steels shows that the rust is more 
adherent and of finer texture than even that on copper steel, and thus presumably 
less permeable. However, as stated above, such resistant films are formed only when 
the exposure conditions permit the rust to become dry part of the time. Such condi- 
tions exist in the A.S.T.M. and similar tests. Under continuously moist conditions 
the corrosion rates of plain and low-alloy steels are more nearlj- alike. 

Under conditions of test as outlined in Almospheric Exposure Tests, p. 1043, many 
combinations of allo 3 dng elements in steels produce mst films that improve the 
corrosion resistance appreciablj^ over that of copper steels. In Fig. 3 are shorni typical 
time-corrosion curves for open hearth copper steel, Bessemer copper steel, 3.2% 
nickel structural steel, and a “band” in which lie the losses in weight of three t 3 'pical 
low-alloy, high-stiength, corrosion-resistant steels which were among the fimt of this 
t 3 T 0 introduced in 1934-1935. Anal 3 ’-ses of these steels are given in Table 1. 

In order to obtain losses in weight below the “band” in Fig. 3 (higher corro'^ion 
resistance), it is necessar 3 - to add allo 3 dng elements in amounts disproportionate to 
their v.aluc. This is due to the fact that, when steels are exposed as refen ed to above, 
a la-.s in weight of about 3 grams per sq dm of most alloy steels is used up in supply- 

‘ C. H. Long and D. E. Krause. "Phosphorus as an Alloying Element in Low Carbon, Low Alloy Steels 
III.” Metals and Allovs, 7, G9 (1930). ' 
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Table 1 A^AI.1SES OF STEELS IN FIG 3 
C Ma P 8 Si Cu m Cr Mo 

OH.Cn Steel 002 039 0006 0 018 OOOo 0 20 0 00 0 07 

Bessemer Cu Steel 0 10 0 40 0 112 0 OcO 0 018 0 21 0 003 0 03 

32'l.NiStnietSteel 0 19 0 53 0 016 0 0^ 0 009 0 07 3 23 0 10 

Vow Alloy Steels 

N -Cu Steel 0 Oa 0 36 0 a>l 0 016 O DOS 1 14 1 99 0 01 

Cu-Ni-Mn Steel 0 09 0 S6 0 008 0 (Pa 0 019 1 41 0 9a 0 03 0 09 

Cr-Si-Cu P Steel 009 0 24 0 154 0<P4 0 80 0 43 0 0a 107 



Fio 3 Tune-Corrosion Curves for Steels in lodu’^nal Atmosphere (‘'peeuaens 10 2 
by 15 2 cm (4 b> 6 ui 1 ) 

iDg metal for a protective oxide film Therefore the corro-ioa rates ehotm by the 
lower limit of the bind m Fig 3 appear to be about the optimum that can be 
obtained economically in this tjTje of *teel It ha.s been shown® that under the..e 
conditions o! exposure approximatcJj 40% of the la-a occurs on the sLjTvard side 
of the specimen 

CAST IRON 

As cast iron i« tiniallj emplojed m lerj thick sections bttle work has been done 
on its atmospheric corronon resi-tance Howeter, Fnend^ gites data which «bow 

*C P Larrabee The Effect of Specimen Position tm Abao«phenc Corro' on Testing of Steel TranM 

PlertrocAejn Soe 85 297 (1944) 

* 3 N Tnend. Final Peport on the Relative Comdibihtien of A anoos Commercial Forma of Iron and 
Steel, Iron and Steel Institute Com^te ScholorfAtp jremotre 18 61 71 (1929) 
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that, in a 6-year exposure test in an industrial atmosphere, the corrosion rate of cast 
iron containing 1% phosphorus was about the same as that of copper steel. 

IRON AND STEEL 

H. H. TThlig* 

INTRODUCTION 

The electrochemical theory of corrosion was proposed as a result of observations 
on the behavior of iron in aqueous media.l This theory, now with overwhelming 
evidence in its support, proposes that corrosion of metals is largely accomplished by 
the action of a network of short-circuited electrolytic cells on the metal surface. 
Metal ions go into solution at the anodes of these cells in amount chemically equiva- 
lent to the reaction at the cathodes. 

At anode areas of an iron surface, the following reaction takes place ; 

Fe — >'Fe+++2e- (1) 

The rate of this reaction is found to be dependent upon the rate of the cathode 
reaction; hence the corrosion rate is “cathodically controlled.” 

Either of two reactions is typical of the cathode areas: 

H+ — (2) 
2H+ -4- HO 2 — > H 2 O - 2e- (3) 

Reaction 2 is fairly rapid in acids, but is very slow in alkaline or neutral media. It 
can be speeded by dissolved oxygen as in reaction 3, a process called depolarization. 
The cathodic reaction rate, and hence the overall corrosion rate for case 3, is propor- 
tional to the rate of diffusion of oxygen to the metal surface. The diffusion rate, 
in turn, is proportional to the concentration of dissolved oxygen in the aqueous 
environment. 

' AQUEOUS MEDIA 

Effect of Dissolved Oxygen 

At ordinary temperatures, oxygen and moisture are the basic factors necessary for 
the corrosion of iron in neutral or near-neutral media. Both must be present 
simultaneously, because oxygen alone or water free of dissolved oxygen does not 
corrode iron to any practical extent. 

Iron corrodes in natural waters according to Eqs. 1 and 3 at a rate usually pro- 
portional to the concentration of dissolved oxygen.t Water in contact with iron 
continues to cause corrosion only until the dissolved oxygen is consumed. This fact 
is made use of in deactivation equipment employing expendable iron sheet to react 
with dissolved oxygen before water enters the iron piping of a building. (See 
Deactivation and Deaeration, p. 506.) 

Calculations show that if all the dissolved oxygen in neutral water saturated with 
air is used up to corrode iron, with Fe 203 as end product, metal is penetrated to the 

* Corrosion Laboratory, Department of Metallurgy, MassaohuBetts Institute of Technology, Cambridge 
Mass 

t The rate is not proportional if the oxygen concentration is high. See "Effect of High Oxygen Concen- 
tration,” p. 127. 

•tv. R. Whitney, J. Am. Chem. Soc., 25, 394 (1903). 
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extent of 0 002o cm for erj 'q cm of surface per liter of water (0 0006 in per sq in 
iron surface per gal water) 

Although Eq 3 13 adequate to explain most of the corro..ion that occurs in neutral 
and alkaline media and Eq 2 that which takes place m acida the two proce&es m 
practice are seldom clearlj one or the other Dissolved oxygen accelerates corro'ion 
of iron by non oxidizing acida and it is known that «ome hjdrogen is liberated when 
iron corrodes m aerated neutral media It is stated that 3% of the total corrosion 
of iron in neutral tap water at 82® C (180* D can be ascribed to hjdrogen evolution 
(Eq 2) the remainder la due to oxjgcn consumption <Eq 3) 

In the absence of di® olved oxjgen the corrosion rate alreadj minimized bj the 
«low rate of reaction 2 is still further retarded bj the formation of an alkalme corro- 
“^lon product film on the surface This film probablj hjdrous ferroua oxide forms 
a saturated solution m water the pD of which i reported to be 62 to 96 with some 
eiidence that the lower value is more probable®* In the presence of diaohed 
oxjgen this or a «imilar film slows up diffusion of oxjgen to the metal surface as 
di cu«sed below under Effect of pH p 129 

Corrosion m Absence of Dissolved Oxygen Effect of Bacteria Iron can corrode 
rapidlj in the absence of oxj gen jf «ulfatc reducing bacteria are present Thc'^e 
bacteria are commonlj found in deep welU id soil and in «ea water The bactena 
bj their metabolic procGsK.e& reduce dis-olved sulfates to eulfidcs m the course 
of which thej are able to depolarize cathodic areas of iron Corro-jOD thereupon 
proceeds as rapidlv oa bacterial action permits Galvanized pipe canymg cold water 
has failed from this «ource withm two vear^ time 

IMien sulfate-reducing bactena arc responsible for ob erved corrosion sulfide can 
be identified in the iron corro ton products and often n^S accumulates in the aqueous 
envnronment as corro ion progres es The bactena do not thnve m aerated or 
chlonnated waters This «ubjcct is di cused tn further detail under Corrosion by 
Micro organisms in Aqueous and Soil Eniironmenls p 466 

Corrosion Caused by Differential Aeration Oxjgen as described prevnou^lj is 
a chief factor in the general corro«ion of iron immer«ed in water but in addition 
it can cau-e localization of attack through «o-cal]ed differential aeration cell® 
The«e cell* are formed whenever iron is in contact with aerated «oIution at one place 
and with oxjgen deficient solution el ewhere The oxjgon-deficient areas become 
anodes and therefore «uffer proportionatelv more corrosion Differential aeration 
celhi commonlj account for localized corrosion or pitting under partiallj protective 
nist lajers on iron m open crevices or whenever aerated solution i3 shielded from 
portions of an iron surface 

Differential aeration also accoimts for coiTa.ioa at the water line ® In the presence 
of chlond&s localized attack of this kind la stimulated bj in ufficient addition of 
inhibitors «uch a* chromates «odium pho phate or ^odium cilicate The remedj is 
to add more inhibitor the higher the chlonde concentration (See Inhibitors and 
PassxtatoTS p 90o ) 

Hater line attack may occur in hard wateii The meniscus area of partiallj 
immer ed iron i freelj expo ed to oxjgen of the air hence iron m this region tends 
to become cathodic to regions eLewhere Alkaline cathodic reaction products form 

*F \ ®peilpr Corrosion Caiuet and Prtitntum pp 31-34 McGra* Rill Book Co Nesvyork I93o. 

* R. Corey and T 1“ niiegaD J°roc Am. 8<K Tcrfinp Sfalertait S9 1242 (1939) (Conta ns a ent cal 
SMTOmary cl the bVeraltire.) 

* W WTutman R.Bua^en acdG Dans J Am CSrm Soe 47 70 (192o) 

*U R. Evans MetoBte Corrotum ProtechmandPatnalj p 178 p 296 Edward Arnold and Co Lon- 
don 1937 
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which cause precipitation of insoluble magnesium and calcium compounds. The 
insoluble compounds shield a portion of the iron from aerated solution so as to induce 
localized attack at the water line. 

Effect of High Oxygen Concentration. Although increasing oxygen concentration 
at first accentuates corrosion of iron in water, as one expects from Eq. 3, it is found 
that beyond a critical concentration the corrosion rate may drop again to a low 
value. In moving distilled water the maximum corrosion rate of mild steel (0.06 ipy) 
appeared at 16 ml of 0 X 3 'gen per liter and fell to a value much lower (0.005 ipy) 
at 24 ml of oxygen per liter.® (Velocity 15 ft/min; 48-hour test, 30° C.) 

This is clearly an example of iron passivated by oxygen, as shown bj”^ a potential 
of 0.1 to 0.4 volt (hydrogen scale) for iron in water containing the higher oxygen 
concentration, as compared wdth —0.4 to — 0.5 volt in water normally saturated 
with air'* (6 ml of oxj'gen per liter at 25° C). Further evidence in this direction is 
shown by the fact that presence of chloride ions (3.5% NaCl) in solution effectively 
retards passivation, and iron then corrodes at increasing rates for oxygen concentra- 
tions above those for which the rate decreases in distilled water.® 

Effect of Dissolved Carbon Dioxide 

Carbon dioxide is not necessary, as once thought, to initiate the corrosion reaction 
in natural waters or in the atmosphere. The small amount of carbon dioxide normally 
present in hard waters affects the rate of corrosion largely by determining whether 
or not a protective laj’^er of insoluble compound (e.g., calcium carbonate) will pre- 
cipitate on an iron surface. Waters containing carbon dioxide in excess of that 
required to keep calcium carbonate in solution (aggressive carbon dioxide) are more 
corrosive than those containing just enough or less carbon dioxide. (See Hot and 
Cold Water Systems, p. 496.) 

Carbon dioxide in appreciable concentration definitely accelerates the corrosion of 
iron. Dissolved carbon dioxide, or carbonic acid, is similar to any acid that reacts 
with iron evolving hydrogen. This fact is of practical importance in the corrosion 
of steam return lines, where carbon dioxide expelled from boiler waters dissolves in 
the condensate to form carbonic acid at above-room temperatures. (See Corrosion of 
Steam Condensate Lines, p. 538.) 

The corrosion rates of mild steel (0.15% carbon) in various concentrations of dis- 
solved carbon dioxide or carbon dioxide plus oxygen at 60° C (140° F) and 90° C 
(195° F) are given in Fig. 1.® Carbon dioxide is not as corrosive as oxj’’gen in equal 
concentrations. At 60° C (140° F) for example. 4 ml of oxj^gen per liter produces seven 
times more corrosion in a given time than a solution containing 4 ml of carbon dioxide 
per liter. At gas concentrations of 20 ml/liter at the same temperature oxj^gen is ten 
times more corrosive than carbon dioxide. 

The corrosion rate in distilled water with only oxj'^gen present increases about two- 
fold between 60° and 90° C and about 2.6 fold with only carbon dioxide present. 
For dissolved mixtures of the two gases, the temperature dependence of rate is 
intermediate between these two values. It should be recognized that when pitting 
accompanies corrosion, the temperature dependence of rate of metal penetration 
may be appreciably higher than these values. 

®E. Groesbeck and L. Waldron, Proc. Am. Soc. Testing Materials, 31, Part II, 279-291 (1931). 

^ 0. Bauer, O. Krohnke, and G. Masing, Die Korrosion metallischer Werkstoffe, Vol. 1, p. 209, S. Hirzel, 
Leipzig, 1936. 

®r. G. Frese, Ind. Eng. Chem., 30, 83-85 (1938). 

® G. Skaperdaa and H. Uhlig, Jnd. Eng. Chem., 34, 748 (1942). 




CC^ CONCENTRATION (ML/LiTER) 

Fig 1 Corronon of Mild Steel (015% Carbon) as a Function of Dissohed COjand Oj 
Concentration (5-hr te®t, velocity, 45 cm (0025 ft] per mm spec size 6 3 X 2 5 X 0.318 

cmI25XlXKinJ) 


witb temperature up to about SO'C (175* F), then falls to a very low talue at the 
boilmg point The fallmg off of corrcfeion above 80“ C is related to decreased 
solubiJitj of oxjgen in water at the bi^er temperatures 
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When corrosion is by hydrogen evolution the rate increase is more than double 
for a 30° C temperature rise. 



Effect op pH 

The effect of hydrogen ion activity (pH) of water on corrosion of iron at 22° and 
40° C (72° and 104° F) is shown in Fig. 2M Specimens of mild steel were exposed to 
water containing an average of 5 ml of oxygen per liter. NaOH and HCl were added 
to produce the alkaline and acid ranges of pH, respectively. 

At values of pH greater than needed for hydrogen evolution (pH = 4) the results 
of Fig. 2 can be explained by a protective layer of hydrous ferrous oxide on the iron 
surface formed by the initial corrosion reaction. Regardless of the actual pH of 
water between pH 4 and 9.5, the surface of iron is always in contact with an alkaline 
saturated solution of hydrous ferrous oxide (pH = approx. 9.5*), Corrosion continues 
as rapidly as oxygen can diffuse through the protective layer, the layer being con- 
tinually renewed by the corrosion process. Since the corrosion product film next to 
the iron is essentially unchanged by external conditions within the above range of 
pH, the corrosion rate is not altered except by change in dissolved oxygen. 

* Lower values have been reported. See R. Corey and T. Finnegan, Proc, Am. Soc. Testing Materials^ 
39 , 1242 (1939). 

W. Whitman, R. Russell, and V. Altieri, Ind. Eng. Chem., 16 , 665 (1924 ). 
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At pH 95 (22“ C) however further increase in alkalimtj extends its effect to the 
iron surface and either decreases the surface reaction rate (the iron becomes passive) 
or decrease^ permeabiiit> of the corrosion product la>er to oxjgen (bj decreasing the 
«olubibtj of hjdroui FeO*) In either instance the corrosion rate lo expected to 
decrease as is ob^eiv ed 

■U ithin the acid region (pH < 4) on the other hand the alkaline corrosion product 
Ia>er la dissolved and the acid reacts direcllj with iron For acids that are not totallj 
dis-ociated into their component ions (weak acids) the pH at which hjdrogen ja 
evolved will shift to a higher (lesa acid) value For example carbonic acid at room 
temperature cau es h 5 drogen evolution at a pH of 6 and phenol solutions at a pH 
of 7 whereas with ~ulfuric or hjdrochlonc acid the value of pH must reach 4 It 
appears that total acidit 3 rather than pH of an acid is the controlling factor 

At a concentration of 'odium hjdroxide equal to about 1 gram-equivalent per liter 
(4%) the eorro'ion rate of iron is nearlj zero and the potential of iron on the 
hjdrogen 'cale is about 01 volt A* the concentration of 'odium hjdroxide is raided 
to 16 gram-equivalents per liter (43%) the potential drops to the verj active value 
of 056 volt In this concentration region iron corrodes with formation of soluble 
sodium femte ('saFeO ) In an oxidizing environment sodium ferrate (Na‘>FeO|) 
maj form The corra ton rate corresponding to the more actn e potential in con 
centrated 'odium hjdroxide is measurablj higher but is still withm the range of 
00001 to 0004 ipj ^ 

CoRPosiON IN Natural 'Waters 

Soft waters are more corrosive than bard waters Hard waters tend to precipitate 
an insoluble lajer eg CaCOa particularlv on the cathodic surfaces of corroding 
iron which impedes diffusion of oxjgen to the metal Information as to whether a 
given water will precipitate a protective surface laver can be e timated from analjses 
of the water followed b> calculation of the 'o-called «aturation index (See Hot and 
Cold Water Systems p oO^ ) 

The coiTO ion rate of mild «teel immersed in quiet 'oft water 'aturated with air 
ranges from 0 00** to 0006 ipj The occurrence of pitting maj produce maximum 
rates, of penetration as high as ten tunes the<m rates. The extent of pitting with time 
and factors, influencing pitting are approximatelj the 'ame m fre«h waters as in 
«ea water These are discu ed on p 3S8 

The overall corronon rate of mild 'teel in natural sea voter la approximately 0005 
ipj (®ee BchairoT of Metals and Alloys m Sea H aler p 383 ) 

Effect of Dis'volted Su-ts 

Non Oiodizmg Salts 5alta of the uHoft metals added to aerated water at fir^t 
mcrease the corrosion rate The increase is caused bj two factors (1) The electroljdic 
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couductivity of the solution permits operation of anode and cathode areas farther 
removed from each other. (2) The anode and cathode reaction products tend to 
combine at a place removed from the iron surface and hence precipitate a less 
protective corrosion product layer. 

As the salt concentration is increased the corrosion rate goes through a maximum 
and thereafter decreases. (See Fig. 3. See also Fig. 2, p. 168, showing corrosion of 
mild steel in NaCl solutions at 90° C.) This decrease is caused largely by decrease in 
oxygen solubility by dissolved salts. 



Fig. 3. Effect of Salt Concentration on Corrosion of 0.06% Carbon Cold-Rolled Steel at 
35°C(95°r). (4S-hr beaker tests, partial immersion, 17.5 sq cm of spec, submerged.) 

In 48-hour partial immersion tests at 35° C (95° F) Borgmanni^ showed that the 
order of increasing corrosivene.ss of alkali metal ions was Li+, Na+, K+ (Fig. 3). 
The alkaline earth salts were less corrosive than the alkali metal salts, whereas 
aluminum and ammonium salts (acid) and chromic (Cr+++) and ferric salts 
(oxidizing) were more corrosive. Similar^' corrosion in 0.1 to 0.25 N potassium or 
sodium chloride, sulfate, and iodide were reasonably comparable whereas the nitrates 
were definitely less corrosive at these concentrations, but not necessarily at higher 
concentrations.^"^ 

Avimonium salt solutions are exceptional in their active attack on iron and in their 
continued high rate of attack at relatively high salt concentrations. Dilute solutions 
of ammonium chloride become markedly more corrosive than similar concentrations 
of the alkali metal salts above 0.05 N.^^ Corrosion occurs partiall 3 ’^ with hydrogen 
evolution since ammonium salt solutions are acid. Ammonium nitrate solutions are 
considerablj' more corrosive than either ammonium chloride or sulfate at concen- 
trations above 0.01 Ab The corrosion rate in 6 N NH^iNOs (the most corrosive 
concentration) is six times the maximum corrosion rate in sodium chloride or sul- 
fate.13 High concentrations of ammonium nitrate react with iron to form a j-ellow 
solution that, heated to 100° C (212° F), liberates nitrogen and ISfnO and precipitates 
a magnetic oxide, FesOn.i^ 

Corrosion rates of steel and cast iron in calcium chloride and some ammonium salt 
solutions are given in Table 1. 

C. W. Borgmann, Ind. Eng. Chem., 29. 814 (19371. 

0. Bauer, O. Krohnke, and G. Masing, Die Korroston metalHscher Werhstoffe, Vol. 1, p. 240, S. Hirzel 
Leipzig, 1936, 

Bauer, Krohnke, and Masing, op, cit., p. 241 
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Solutions of acid salts such as AICI3 beba\e much as do dilute solutions of 
the corresponding acida Corro-ion 13 both by hydrogen e%olution and oxygen 
depolarization 


Table 1* 


Salt Solution 

Temp 



CortOB 

on Rate 

of Teat 
day» 

Steel j 

Caat Iron 

•c 

«F 

mdd 

1 ipy 

mdd 

Ipy 

o% Calcium chloride 

16 

i 60 


1 3s 

0 000 

4S 

0 009 

30 

-12 

10 

Xx> 



34 

0 000 

50% (uiihK CrjOr miilbiiOT! 

-12 

10 

372 



2 

0 OOOi 

46% Calc um chlor de 

ISO 

360 

11 

28 

0 00s 



6.6 % Ammon um thiocyanate 

room 

room 

13H 

30 

0 000 

IS 0 

0 003 

30% 

6S 

154 

17 

442 

0 OS 

520 

0 10 

5% Ammomum euKate 

16 

60 


49 

0 009 

I3S 

0 03 

10% 

16 

60 


SO 

0 009 

151 

0 03 

2o% 

16 

60 


17 

0 003 

57 

0 012 


• CoDtnbuted bj H O T«ple loUraatiooal SiekclCo Inc New York N \ 


Solutions of oil e/ine salts (eg alkali pbOLphates carbonate- borates aluminates 
and silicate-l inhibit corronion of iron The rate of corro 100 is onI> slight and is 
much lcs« than for neutral salts (See Effect of pll p 129 ) In alkali sulSde ^oIutlon.'s 
of 0 1 gram/liter at room temperature iron sulfide is formed but m concentrated 
solutions the corro ion rate is practically ml 

Oxidizing Salts Feme «alts are extremely corrosive Thej are efficient depolarizing 
agents being reduced to ferrous salts in the process of reaction Mild «ieel in S9a% 
feme «ulfaie corroded at a rate of 1^ ipy at 17* C (63* F) and 2Z ipj at 45“ C 
(llo*F) Likerrise cupric and mercuric salt «olutions and Inpoehlontes are veiy 
corro ne Mine uatera often contain ferric «ulfate and one much of their corrosive 
neas to this «alt rather than to their acid content 

Sodium mtnle is oxidizing but like $odium chromate acts as a corro ion inhibitor 
(pas ivator) for iron and steel Corrosion rates in 'olutions of the«e salts at room 
temperature are practicall} nil The rates are measurablv higher m pre ence of 
chloride or other halide lon,^ (See Inhibitors and Passiiators p 90o A1 o refer to 
Table 1 of this chapter ) 

p'ofassium permanganate ai’o pas-nates nvo \o appnrcrabiV rorrosiua occurs m 
conf ntrations above 01 gramAiter^® Concentrated calcium permanganate solutions 
are stable in contact with iron up to at least SO" C (120" F), and no visual corrosion 
occurs m a one-month test 

Aems 

Dis-ohed oxjgen appreciablj accelerates attack of iron bj strong or weak non 
oxidizing acids 

Hydiochloiic Acid The conotioa rate of eleclrolj tic iron or low metalloid iron 
m hydrochloric aad is about 02 ipy (15® C 159® F] unagitated acid open 

1 * Bauer Krohnke and \Ia5ing op nt p 243, 

** F Ritter Korranonttabellen melaJltiehrr Werkttaffe p 63 J pprmger 1937 
Bauer KrShuke and Maaing op ctl p 242 

F Bell nger H Fnedman, U Bauer J Faates and W Bull Znd. Eng Cfitm 88 310 (1946) 
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vessel, 24 hours) and 1.5 to 2.5 ipy in concentrated acid .20 The corrosion rate in other 
than dilute solutions increases logarithmically with HCl concentration. 

Sulfuric Acid. In dilute sulfuric acid the rates are approximately the same as for 
hydrochloric acid of the same equivalent concentration. The corrosion rate increases 
with acid concentration, reaching a maximum at about 13 N acid (47 wt. %), 
after which it decreases to 0.005 to 0.05 ipj’^ for 65 to 100% acid.21,22 (See “Effect of 
Velocity on Corrosion in Sulfuric Acid,” p. 136.) 

Interstate Commerce Commission regulations permit shipment of sulfuric acid of 
1.81 specific gravity (65° Baume, 89%) or greater in steel drums.^s 

The corrosion rate for iron increases again with sulfuric acid concentrations above 
100% (fuming sulfuric acid). The rate increases with SO3 content above 81.5% SO3 
(99.8% H0SO4) to a maximum of 0.1 ipy at 85% SO3, but falls to 0.001 ipy for acid 
of 90% SO3 (18° to 20° C, 65° to 68° F, absence of air, 72-hour tests) .22 Cast iron may 
be embrittled by fuming sulfuric acid, bj"- the reaction, it is thought, of SO3 with 
silicon in the metal .22 

Rise in temperature to 50° C (120° F) increases the corrosion rate in 96.5% sulfuric 
acid to about 0.2 ipy.24 

Hydrofluoric Acid. Carbon steel is usefully resistant to hydrofluoric acid in 
concentrations above 65 to 70% at atmospheric temperatures, but is subject to rapid 
attack at lower concentrations. Corrosion rates were 0.52 ipy in 48% hydrofluoric 
acid (duration of test unknown) but onlj-- 0.035 ipy in 93% acid at 21° C (70° F), 
8-day test.2j A thoroughly deoxidized or “killed” steel, in which non-metallic inclu- 
sions are a minimum, is reported to be more resistant than semi-killed steel to strong 
hydrofluoric acid concentrations.2® 

Cast iron is generally not recommended for use with hydrofluoric acid solutions.2(5 

Interstate Commerce Commission Regulations permit transportation of acid 
containing not less than 60% HF in steel drums previous!}' “pas3ivated.”27 The 
passivation treatment consists of filling the drums to 90% of capacity with 58% 
hydrofluoric acid and allowing them to stand 48 hours at 30° C (80° F) and then 7 
hours at 60° C (140° F), the internal pressure being maintained at atmospheric 
pressure. If containers are washed out with water this treatment must be repeated 
before filling them again with acid. 

Chromic Acid. A chromium plating solution containing 274 grams/liter of Cr^Oa 
and 8.7 grams/liter of sulfuric acid at 50° C (120° F) corroded steel at a rate of 43 
mdd (0.008 ipy) in a 19-day 'test.28 

Nitric Acid. The corrosion rate of electrolytic iron or low metalloid iron in 1 N 
nitric acid is about 2 ipy and in 6 A” acid (32%) about 13 ipy .20 Iron becomes passive 
in acid of specific gravity 1.4 (65%, 15 N) or higher, accompanied by a low corrosion 
rate (0.005 to 0.02 ipy^o) and a noble galvanic potential equal to that of platinum. 

F. N. Speller, Corrosion, Causes and Prerention, p. 510, l\IcGran--Hill Book Co., New York, 1935. 

G. H. Damon, Ind. Eng. Chem., 33, 67-G9 (1941). 

^ R. McKay and R. Worthington, Corrosion Resistance of Metals and Alloys, p. 251, Reinhold Publish- 
ing Corp., New York, 193G. 

^ Freight Tariff No. 4, “Transportation of Explosives and Other Dangerous Articles by Freight,” Sec- 
tion 272, issued by W. S. Topping, 30 Vesey St., New York, 1941. 

W'. G. Whitman and R. P. Russell, Ind. Eng. Chem., 17, 348-35*1 (1925). 

^ W. Z. Friend and H. 0. Tceple, Oil Gas J., 44, 87 (March IG, 194G). 

C. M. Fchr, Oil Gas J., 42, 39-42 (July 22, 1943). 

-‘ Freight Tariff No. 4, “Transportation of E.xpIosives and Other Dangerous Articles by FVeight,” Sec- 
tion 20-1, issued by Vi. S. Topping, 30 Vesey St., New York, 1941. 

Private communication. International Nickel Co., New York, N. Y. 

F. N. Speller, Corrosion, Causes and Prerention, p. 510, AlcGraw-Hill Book Co., New York, 1935. 

F. Ritter, Korrisionstabellcn metallischer Werkstaffe, pp. 142-143, J. Springer, Berlin, 1937. 
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On removing iron from nitric acid of this concentration passivity is retained for a 
brief time Abrasion heating or contact with solutions of halide salts accelerates 
return to the active state It is stated that iron cannot be made passive m 90% nitric 
acid above 75“ C (170“ F) or m 100% acid above 87“ C (I90“ F) at 
Both =teel and ca^t iron satisfactonly resist concentrated mixtures of nitric and 
sulfuric acids Mixtures containing 70 to 95% HaSO^ and remainder HNOs produced 
corro ion rates of 0 003 to 0 009 ipy (I8“ to 22* C I6a“ to 72* F] 50- to 6o hour test 
period) Mixtures containing 4a to 65% H2SO4 25% water and remainder nitric 
acid corroded cast iron and steel at rates of 001 to 0 03 ipy^** 

Interstate Commerce Commission regulations permit transportation of mixtures of 
sulfuric acid and nitric acid in tank cars cargo tanks tank trucks or steel drums when 
the composition of the acid mixture fait, within the following ranges 

1 Up to 10% water with not Ic^ than 10% H2SO4 

2 Up to 15% water with not less than 15% H2SO4 

3 Up to 20% water with not less than 20% H‘^04 

4 Up to 38% water with not less than 62% H2SO4 

Organic Acids A 'olution of 6% accltc Qcid at room temperature agitated with 
oxjgea corroded mild teel at a rate of 0^5 ipj but agitated with hjdrogen the rate 
was only 0006 ipy (5 hour test)** Glacial actetic acid similarlj caused attack at a 
rate of 06o ipy under oxygen and 001 ipy under hjdrogen Aerated acetic acid of 
5 10 or 2o% concentration at room temperature corroded steel at a rate of about 
0 1 ipy *•> 

A solution of 5% citnc acxd at room temperature attacked electrolytic iron at a 
rate of 0 OOo ipv As with other non oxidizing acicU the rate ]& increased by higher 
oxjgen concentrations and is also greater for iron of higher carbon content 

Alkalies 

At ordinary temperatures iron and steel are satisfactorilj resistant to alkalies 
Corrosion is practicallj stopped above a coo^mtration of 1 gram of sodium hydroxide 
per liter or 07 gram per liter polaastum hydroxide Corrosion rates m 01 to 40% 
sodium hj droxide (open containers 22 da> s) are of the order of 0 0001 ip> ** Aeration 
elevated temperature higher caustic concentration presence of di'^olved carbon 
dioxide and chlorides increa'^ rate of attack 
At 60“ C (150* F) mild steel in 50% caustic soda corroded at a rate of 0008 ipj 
(30 daj test m storage tank) At 10a® C (220* F) steel exposed to 70% caustic soda 
for 90 da>s corroded at a rate of 006 ipy** Moderate (approx 5%) or high concea 
tratious of sodium hydroxide at elevated temperatures under pressure are severely 
corrosive to iron and steel (See Boiler Corrosion p 520 especially Fig 3 p 52o ) 

51 E S Hedges / Chem Soc 1928 972 

55 H McKay and R Worthington Corrotum l{€tialarKe^ MtUtitand Attoys p 2>4 Reinhold PubI ah ng 
Corp New York 1936 

*5 Fre ght Tarifi No 4 Transportation of Explosives and Othee Dangerous Articles by Fre ght Sec- 
t on 267 BEued by W S Topp ng SOteseySt New York 1941 

«W G WhtraanandR P RusseU Ind Eng Chem 17 318-3o4 {192a) 

5“ Private commun cation International N ckel Co Inc New York N Y 
5* F R tier Komatonelabeilen metalliecher Wertiloffe P 187 J Springer 1937 

rr o Bauer O Krohnke atidG MsstiE D«* KorronainnelalUsc/ier Werktloffe Vol 1 p 2ciQ S Hinel 
Leipz g 1936 

55 E HeynandO Bauer V/jif kgj Vatenalpre/unoeamt S6 1 104 (I90S) 

59 G L. Cox Trane Am Imt Chem. Engre 34 6o7-679 (1938) 

Pntate commuiucation Internat onal Nickel Co Inc New York N Y 
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Fused caustic is also very corrosive. Cast iron immersed for 4 hours in caustic soda 
carrying 5 to 10% water at 355° C (675° F) corroded at a rate of 1.1 ipy.'^^ 

Steel, under stress approaching the yield strength, in contact with hot caustic 
solutions is subject to stress corrosion cracking (caustic embrittlement). (See Boiler 
Corrosion, p. 531.) 

Ammonium hydroxide is satisfactorily contained in iron or steel. The corrosion 
rates at room temperature are stated to be 0.0001 ipy or less for concentrations 
ranging from 5 to 100% by volume of the Commercial concentrated hydroxide.'*^ A 
corrosion rate of 0.01 ipy or less is reported for hot concentrated ammonium hydroxide 
(8-day tests) .^3 


Effect of Velocity 

The usual initial effect of velocitj^ in natural waters is to increase corrosion. Acceler- 
ation of corrosion has been noted in an investigation involving steel pipes of various 
sizes with water velocities reaching 8 ft (2.4 meters) per sec.^i The corrosion rates at 
the higher velocities were four to thirty times or more those for low velocities, the 
higher rates applying to the higher water temperatures and smaller diameter pipe 
CA in.). 

Other investigators have reported that, above a critical velocity, the corrosion rate 
of iron in water diminishes with increase in velocity .^3, 46,47,48, 49 For these tests it is 
probable that high velocity brought sufficient oxygen to the iron surface to cause 
passivity in the same manner as high concentration of dissolved oxygen in water 
passivates iron. (See “Effect of High Oxygen Concentration,” p. 127.) This viewpoint 
is made plausible by a less active potential for iron in moving water (approx. —0.02 
volt, hydrogen scale) compared to an active potential in stagnant water ( — 0.4 volt).®® 

In the work of Speller and Kendall a thin layer of -rust may have prevented con- 
centration of oxygen at the metal surface, or the water composition and tempera- 
tures used in their experiments may have forestalled passivity. In salt water, where 
high concentration of chloride ions retards passivation of iron by oxygen, water 
velocities as high as 25 ft (7.6 meters) per sec continue to increase corrosion. (See 
Fig. 1, p. 391, Behavior of Metals and Alloys in Sea Water.) 

In fresh waters, as the velocity approaches very high values, it is expected that 
corrosion at first increasing, then decreasing, would again increase.^® This may occur 
because erosive action serves to break down the passive state. 

Whenever high velocities give rise to extremely low pressure areas, as in a jet or 
rotary pump, vapor bubbles form which on collapse at higher pressure areas destroy 
protective films or disrupt the metal itself. The effect is observed in all aqueous 
solutions and in other media as well. The phenomenon of formation and collapse of 


R. McKay and R. Worthington, Corrosion Resistance of Metalsand Alloys, p. 259, Reinhold Publishing 
Corp., New York, 193G. 

^Private communication. International Nickel Co., Inc., New York, N. Y. 

D. M. Strickland, Ind. Eng. Chem., 15, 566-569 (1923). 

F. N. Speller and V. V. Kendall, Ind. Eng. Chem., 15, 134-139 (1923). 

“’^E. Heyn and O. Bauer, Milt. kgl. Materialpriifungsaml, 28, 62 (1910).' 

J. N. Friend, "Carnegie Scholarship Memoire,” J. Iron Steel Inst., 11, 62 (1922). 

R. Russell, E. Chappell, and A. White, Ind. Eng. Chem., 19, 65-68 (1927). 

B. Roetheli and R. H. Brown, Ind. Eng. Chem., 23, 1010 (1931 ). 

U. R. Evans, Metallic Corrosion, Passivity and Protection, pp. 228-230, Edward Arnold and Co. 
London, 1937. 

Bauer, 0. Ifrohnke, and G. Masing, Die Korrosion metallischer Werkstoffc, p. 140, S. Hirzel, 
Leipzig, 1933. 
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caMtics attending high lelocities is called cavtlation, and damage to the metal which 
TcswUs vs called caiitation erosion (See Cowtntion Ewtton p 597 ) 

Effect of Velocity on Corrosion m Sulfunc Acid In dilute sulfuric acid exposed 
to the air the corrosion rate of steel dinmnsbes at 6rst as ^ elocity is increased (Fig 4) 
and then rapidly increases At the hi^iest velocities (12 ft/sec), various concentra- 


FT PER SEC 



Fig 4 Effect of Velocity on Corrosion of Mild Steel (0 12% Carbon) in Sulfuric And 
under Air (23 ± 2® C 45-inui te^t rotating spec — 0 7 in diam , 2 19 in long ) 


tions of sulfuric acid corrode iron at the same rate In the absence of oxygen the 
effect of low i elocities n to dimmish the rate of attack, w ith higher v elocities causing 
a very gradual inciease in corrosion rate (Fig 5) 

For concentrated acid, velocities are not important below the critical velocitj 
needed to erode the protectiv e layer of ferrous sulfate 


Gklvvmc Coupling 

The corrosion of iron is retarded in most common aqueoiia media when iron is 
coupled with zme or magnesium A notable exception for zinc may occur m fresh 
waters at elevated temperatures, the *mc being either le s protective or actually 
cathodic to iron (See Zinc Coattngs on Steel, p 814 ) In eea water, iron h, galvamcally 
*1 W WTutman R Russel] C Welhng andj Codtraoe Ind Eng Chem 16 672 (1923) 
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protected when coupled with zinc, magnesium, cadmium, or aluminum. Corrosion of 
iron is accelerated when iron is coupled with copper, chromium, nickel and other 
metals of more noble galvanic potential. (See Table 18, p. 416, for galvanic potentials 
of metals and alloys in sea water. See also Fundamental Behavior oj Galvanic 
Couples, p. 481.) 


FT PER SEC 



Fig. 5. Effect of Velocity on Corrosion of Mild Steel (0.12% Carbon) in 0.33 N Sulfuric 
Acid under Air, O2 or N2. (Same conditions as for Fig. 4.) 

MECHANicAii Factors 

Stress. Iron stressed to near or beyond the yield point is subject to .stress corro- 
sion cracking (caustic embrittlement) in hot alkaline solutions, particularly if sili- 
cates are present. Although a concentration of 0.13% NaNO,s in 33% NaOH at the 
boiling point was found to accelerate stress corrosion cracking of steel,5'2 nitrates 
added to waters of high-pressure boilers, to the extent of approximately 40% of 
the NaOH alkalinity, inhibit cracking.s^ 

Iron and steel are subject to rapid stress corrosion cracking in nitrate solutions. 
A concentrated mixture of calcium and ammonium nitrates and a 60 to 95% NH4NO3 
at the boiling point are especially active.54 Concentrated HNO3 at 20° C can also 

C. Sohroeder.'A. A. Berk, and R. O’Brien, Metals and Alloys, 8, 320 (1937). 

“W. C. Sohroeder and A. A. Berk, ’’ Intercrystalline Cracking of Boiler Steel and Its Prevention ” 
Bureau of Mines Bulletin 443 (1941). 

^ E. Houdremont, H. Bemiek and H. Wentrup, Stahl u, Etsen, 60, 757, 791 (1940). 
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cause cracking of stressed specimens^^ as can dilute nitric acid containing a small 
amount of MnCla as accelerator, held at 60* to 80* C (140® to 175® F) A stressed 
bridge cable wire was found to crack when immersed m OOIA'^ NH^NOs or OOliV 
NaNOa within to months®^ However, 46% MgCIj at 125® C (257® F) is 
ineffective deapite its specific ability to crack stres'sed stainless steels 

A solution of 26 to 35 grams HCN per liter causes failure within 1 or 2 weeks 
of iron or low-alloy steels stressed below the elastic limit so It 13 claimed that HCN 



Fig 6 Effect of Temperus on Corrosion of Cold-Drawn 0 29% Carbon Steel m NaCl 
and R}SO< at Room Temperature 

contained in illuminating gas can cause «lTe«s corrosion failures of steel tanks u«ed 
to hold the compreosed gas The failures are tran'granular in contrast to intergranu- 
lar failures when alkali or nitrate solutions are the cau'e 

Stress corrooion cracking can be avoided bj altering the environment or sometime' 
by stress relief treatment (Sec Boiler Corrojton, p 531 Stress relief temperature* 
are given in Table 1, Stress Corrosion, p 574 ) 

Cold Work. Cold work has no appreciable effect when oxj’gen diffu'ion controls 
the corrosion rate This ha* been proved in sea water immersion tests57 and is 
al'O shown by data of Fig 6^ When corrosion i* by hydrogen evolution, a definite 
effect of heat treatment, emplojed to relieve internal stresses, is apparent (Fig 6) 
CoiTOoion of cold-rolled iron in non-oxidizing acids is usually higher, therefore, than 
corrouon of annealed iron 

** R E Pollard Si/rnposium on Stres»-Ct>mH2on Craeltnffaf ifebils (iP44}t P 437, The Atnmcan Society 
for TeatiDg Matenala and The American Institute of hltaing and ^tetallurgical Engineers, Philadelphia 
and hew York {194o) 

“ H Bucholti and R Pusch SlaAI u Etten, 63. 21 (19421 

” J V Fnend J Iron Steel Inst 117, 639-639 (1928) Iron Coai Tnde Ret . 116. 902 (1928) 

**0 Bauer, O KrShnke, andG Masing, £h« ITsrrosuni melottisrAer TTrrilrtoye, Vol 1, p 314, S. Hirzel 
Leipzig 1936 

**W Eilender, W Geller. and W Ausel, Xorronon » SlelaBtehub 17 314 (1941) 
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Vibration. Factors affecting corrosion fatigue of iron and steel are discussed under 
Corrosion Fatigue, p. 578. 

Corrosion produced by relative vibration of two contacting surfaces of amplitude 
high enough to produce slip is called fretting corrosion. Discussion of this type of 
corrosion begins on p. 590. 


Metallurgical Factors 

Open Hearth vs. Bessemer Steel. In natural waters where corrosion is controlled 
by diffusion of dissolved oxygen, no marked difference is found in behavior of open 
hearth compared with Bessemer steel. Bureau of Standards soil tests of buried 
specimens showed no material difference in corrosion rate (Fig. 3, p. 452.) 

Bessemer Steel is more susceptible to intergranular stress corrosion cracking.*>o 

Cast Iron, Wrought Iron, and Steel. Although controversy once existed as to the 
relative corrosion resistance of wrought iron and steel, it is now recognized that in 
natural waters the inherent corrosion rates are essentially identical. In acids the rates 
maj' differ greatly, depending upon the metal composition. 

Cast irons contain, in addition to ferrite, either cementite (white cast iron) or 
graphite and cementite (gray cast iron). The cementite (FesC) and graphite afford 
some mechanical protection of ferrite against corrosion, but both act to accelerate 
corrosion in many media because of their more cathodic galvanic potential. 

Gray cast iron is subject to graphilization when immersed in salt waters, mine 
waters, or very dilute acids, or buried underground in some soils, particularly those 
containing sulfates. It occurs over a period of time as a result of ferrite corroding, 
leaving the graphite intact. This condition results in porosity of the structure and 
loss of density and some mechanical strength, but without outward appearance of any 
damage. White cast iron is immune. 

The cast irons corrode more rapidly than mild steel when corrosion is by hydrogen 
evolution, largely because of their higher carbon content. Table 4, p. 197, contains 
corrosion rates of cast iron in various media. 

Effect of Heat Treatment. In sea water or distilled water there is evidence that 
a carbon steel quenched from high temperatures (above the critical temperature) 
corrodes at a slightly higher rate than steel quenched and subsequently tempered. 
A 0.38% carbon steel quenched from 850° C (1560° F) and immersed in quiet distilled 
water for 9 months corroded at a rate of 0.0043 ipy. Specimens of the same steel 
quenched and tempered at temperatures ranging from 300° C (570° F) to 800° C 
(1470° F) and immersed under identical conditions corroded at an average rate of 
0.0033 ipy.Gi 

Carbon steels quenched from above the critical temperature and immersed in sea 
water were also found to corrode somewhat more than tempered or slowly cooled 
steels.G2 In general, however, it appears that heat treatment is a minor factor with 
respect to corrosion of carbon steels in natural waters. 

The effects differ and are more pronounced in acids. Quenched steel (martensite) in 
1% sulfuric acid corroded least, and 400° C (750° F) tempered steel corroded most. 
The 600° C (1110° F) tempered steel, and steel slowly cooled from above the critical 
temperature' (pearlite) corroded at intermediate rates.GG 

E. Houdremont, H. Bennek, and H. Wentrup, Staid u. Eisen, 60 , 793 (1940). 

E. N. Speller, Corrosion, Causes and Prevention, p. 81, McGraw-Hill Book Co., New York 1935. 

“C. Chappell, /. Iron .Sieci Ins(., 85 , 270-293 (1912). ' ' ’ ' 

N. Speller, op. cit., p. 84. 
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Effect of Alloying Elements 

Carbon In fresh ivaters the carbon content of iron is not of practical importance 
in determining the corro ion rate In sea water there is a slight increase in corro'ion 
rate with higher carbon steels*''* but again not of great significance 
In acids the eSect of carbem is complicated by the factor of heat treatment and by 
the appreciable effect of minor elements often pre ont such as copper In general 
the eorro'ioQ rate increases with increasing carbon content*^® <57 High carbon steels 
however are more readily passivated by mtnc acid than are low carbon steels High 
carbon was also found beneficial in stceU used to resist mixtures of 'ulfuric and nitnc 
acid fis 

Increasing the carbon content of a steel from 009 to 058% increased the re.ist- 
ance to intergranular stress corrosion cracking*^* 

Nitrogen Nitrogen normally present m iron or steel appears to increase sus- 
ceptibility to stress corrosion cracking m alkaline or nitrate solutions®® Steels 
containing aluminum in which the dissolved nitrogen presumably has been eliminated 
by reaction with aluminum are correspondingly more resistant to stress corrosion 
failure 

Mangvnesb sui-FUB PiiosMtoRts 6 IUC 0 V The«e elements of ordinary construe 
tional «teeN present in u^ual amounts have no effect of any commercial significance 
on corrosion in fresh or «all ■waters In acids *ihcon m normally small percentages has 
no appreciable effect on the corronon rale of iron The !•! to 16% Si Fe alloy bow 
ever is acid re i«tant (See Sthcon-Iron dHoys p 201 ) 

Presence of manganese sulfur and phetsphorus m oteels tends to increase corrosion 
m acids Manganese has Icas effect in this respect than sulfur or phosphorus 
Copper cnRO-viruai mckel Copper or nickel alloyed in «niall concentrations has 
no certain effect one way or another on the corra ion rate of steel in fre«b or salt 
waters In the atmo«phere the presence of tb&<e elements in steel is beneficial (See 
Atmospheric Corrosion of Iron and Steel p 120) 

Nickel appears to be an effective alloying element for increasing corrasion fatigue 
re«istance of steel exposed to oil well bnnes containing hydrogen sulfide In the 
ab'ence of hydrogen sulfide chromium appears to be an effective alloying element 
(®ee Table 2 p 55o ) 

In strongly alkaline solutions iron or steels containing nickel are more corro'ion 
re'i tant than nickel free iron or steel" the resistance increasing with nickel content 
Chromium added to "teel» m amounks approximating 3% decrea'eg the maximum 
pit depth m alloys expo ed to frc«h water (Pittsburgh -water 60® C (140® F] 2 year 
te'ts) 73 In flowing sea water steeU containing approximately 0 07% carbon and 2 4% 
chromium m combination with le s than 1% titanium or molybdenum showed 

** Refer alao to H J French and F L. LsQue Allog Corn rueiumal SUtlt p IM American Soc etf for 
Metals Cleveland 1942 

F N Speller op cit p Bo. 

*® F N Speller op ctL p 94 

*7H Cleaves and J Thompson, TTie Velal Trm p 326 McGraw Hdl Book Co New York 193o 
‘*J Eddy and F Rohrmaa Jnd Eng Chtm 18 30-3t (1936) 

** E Houdremoat H Benaek and It Wentrup Stahl « Exten 60 79l (1040) 

7“ Z Waber II McDonald and B LonsV a Trans Elect ocIistt* Soc BT 200 (194S1 

Waber H AIcDonald (and B Lon^ n) Corrottonand Wafenat Proleclion 2 (November Decem- 
ber 194->) 3 (January February Nfarcb Apnl Nlay 1946) 

7* R. Mclvay and R Worth ogton Corrosion Rgmtaneo a/ 2/elaU and Atlopi p 259 Re nhold Publish 
mg Corp New York 1936 

7* r N Speller Trans Am Inst. l/tnmgJUet Bngrs 113 13 32 (1934 
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improved behavior compared to 0.25% carbon steel with respect to weight loss and 
pitting.'^'^ Cr-Fe alloys containing more than approximately 12% chromium show 
improved general corrosion resistance an order of magnitude better than the low- 
chromium or carbon steels. They are the so-called stainless irons or steels (pp. 143 
and 150). 

Copper addition to iron containing high phosphorus or sulfur appreciably reduces 
the rate of corrosion in sulfuriCj hj'drochloric, or citric acidSj but affects only slightly 
the corrosion rates of low-phosphorus or low-sulfur steels. With pure iron, copper 
additions can increase the corrosion rate in these acids. The corrosion rates of steels 
in nitric acid are independent of copper content."^^ 

Protective Measures 

Protective measures applying to iron and steel are discussed in other chapters, 
particularly in the section. Corrosion Protection, beginning p. 801. Additional chapters 
discussing protective measures in special environments are found under Special Topics 
in Corrosion, beginning p. 382. 


NON-AQUEOUS MEDIA 

Non-Aqueous Liquids 

Iron is used to handle commercial liquid methyl chloride. If 0.03% moisture is 
present, corrosion of iron occurs with slight scale formation, and at 0.05% moisture, 
corrosion is serious. (Galvanized iron should not be used with anhydrous or moist 
methyl chloride because zinc reacts.)'^® 

Iron is serviceable for dry carbon tetrachloride and other chlorinated solvents up 
to the boiling point. In the presence of moisture corrosion occurs. 

Liquid sulfur chloride (98.3%) at 140° C (280° F) in tests of 133 days duration 
corroded steel at a rate of 0.22 ipy.'^^ The vapor at the same temperature was still 
more corrosive. 

Corrosion of 0.06% carbon steel at 310° C (590° F) by phenol is greatest for the 
anhydrous material (0.05 ipy), is a minimum (0.006 ipy) when moisture is 0.2 to 0.6%, 
and increases to 0.024 ipy at 10% moisture.’^® 

The corrosion rates of iron and various steels in jatty acids are given in Table 2. 


Table 2. CORROSION OF IRON AND STEEL IN FATTY ACIDS AT 55°, TO 

60° C (130° to 140° F)* 

16-Day Exposure 


Material 



Composition 



Stearic 

Oleic 

Soya 

C 

Si 

Mn 

P 

S'. 

Cu 


ipy 


Mild Steel 

■ 

0.01 


0.02 



0.0003 



Tech. Bure Iron 

vm 

0.01 


0 01 

HH 

0.06 

0.0002 


KKB1W 

0.5% C steel 


0.02 

0.68 

0.03 


0.0001 



Copper Steel 

■ 

0.01 

0 48 

0 067 


0.78 

0.0005 




* 0. Bauer, O. Krohnke, and G. Masing, Die Korrosiorf^.^-^pher Werkstoffe, Vol. 1, p. 3^, S. Hirzel 
Leinziff. IQafi "r r v ’ 
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H2 

\t higher temperatures the rates are increased For example cotton seed fatty acids 
m the vapor phase at 280® C (530® F) in 51 day tests corroded steel at a rate greater 
than 0 12 ipy A mixture of crude oleic and stearic acids as vapor or liquid at 225° C 
(440° F) ID 21 daj tc ts corroded steel at rates of 010 and 014 ipy, respectively "3 
Cast iron is attacked still more rapidly 

Gvses 

Iron can be u'ed lo. continuous contact with dry chlorine gas up to about 200° C 
(400° F) (Table 6 p 682) If the ratio of surface to volume of iron is high the corro- 
sion rate mav be exce^aive at lower temperatures For example number 00 steel 
wool was found to ignite in commercial diy chlonne (0005(^ H 2 O) at a temperature 
of 184° C (364° F) but 16-gage sheet mild steel ignited only after holding at 251° C 
(4S4° F) for 30 nun The final corra ion rates of 16-gago sheet at temperatures less 
than 248° C were under 65 mdd (0012 ipj) m te«ts of 4S0-mm duration (Fig 7) 



TIME IN MINUTES 


Fig 7 Rate of.Corro«ion (Weight 1-ots) of Mild ^^tee! in Contact with Conunercial Chlorine 
\ (0 00o% Moisture) as a Function of Tune 


Moiat chlorine ^ 'eO" corrooive at temperatures below the dew point At 90° C 
(200° FI liquid ch,'onne rapidly attacks iron*t iron withstands continuous contact 
with hv^ogen chlofide up to a * ^t 225° C (4o0° F) (Table 6 p 6S2) 

Avera'i corrckion rates of c w«?tt or low-alloy ^teeU m essentially anhydrous 
hy drofluonc acid (6-’ to 40-day u_ed in the alkylation process of oil refining 


are giv en m Table 3 


V, 


” Pnrale commumcationJ Nickel Co tne New York N Y 

•® G Heinemaon F Gai^*u> and P Haber Ind Eng Chem 38 497 (1946) 
“ F B Iter JvorrosioaelaW iiwlolftaefcer WtrkMbtfft p 57 4 Springer j937 
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The resistance of steels to fluorine is a sensitive function of their silicon content.®^ 
Steels containing low silicon satisfactorily resist fluorine up to about 370° C (700° F). 
However, a steel containing 0.22% silicon is badly attacked at 205° C (400° F). At 
500° C (930° F) all steels are severely attacked regardless of silicon content. 


Table 3. CORROSION OF STEEL IN ESSENTIALLY ANHYDROUS HF* 


Temperature 

ipy 

°c 

°F 

15 to 25 

60 to 80 

0.003 

25 to 40 

80 to 100 

0.006 

40 to SO 

100 to 120 

0.014 

55 

130 

0.014 

65 

150 

0.025 

80 

175 

0.048 (max.) 

80 to 90 

180 to 190 

0.089 

120 to 150 

250 to 300 

0.105 


* M. Holmberg and F. Prange, Ind. Eng. Chan., 37, 1030 (1945). 
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CHROMIUM-IRON ALLOYS 

H. L. Maxwell* 

The addition of chromium to iron imparts an appreciable degree of corrosion 
resistance to the resulting alloy. Up to 2% of chromium, the mechanical properties are 
markedly improved, and the resistance to sealing at furnace temperatures is slightly 
enhanced. However, such small additions of chromium have little or no effect on the 
general corrosion resistance. Not until the percentage of chromium reaches about 
12 does the resistance appear sufficiently improved to impart a useful degree of 
corrosion resistance, with the exception of certain oil refinery and related high- 
temperature services. 

The principal application of the Cr-Fe alloys in chemical service is under oxidizing 
conditions, particularly in the handling of nitric acid. In Table 1 typical data, based 
on a large number of ,240-hour tests (five 48-hour periods), may be taken as illus- 
trative of the resistance of different Cr-Fe alloy compositions to boiling 65% 
nitric acid. 

It is worthy of emphasis that although the corrosion resistance is markedly 
improved as chromium is increased, this addition is accompanied by a gradual 
decrease in mechanical properties, particularly impact strength. Difficulties in weld- 
ing are increased irregularly as the chromium content is raised above 16 or 18%. 
Decisions in the selection of Cr-Fe alloys, while influenced by corrosion data, can, 
therefore, best be made by giving full consideration to physical properties as well. 

* Engineering Department, E. I. du Pont de Nemours and Co., Wilmington, Del. 

Privatecommui*ication,M.H. Brown, E. I. du Pont de Nemours and Company, Wilmington, Del. 
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Table 1 TYPICAL CORROSION RATES OF Cr-Fe ALLOYS IN 
BOILING 65% HNOj 


Area of specmen — approx 35 sq cm 
Volume of solution — 600 ml 


C^romtum ConUttl % 
10 
12 
16 
18 
20 
24 
30 


Corrotion Rate xpy 


0 42 
0 ISO 
0 042 
0 020 
0 OIS 
0 012 
0 008 


PirrsiCAL Properties 

A detailed resume of the chemical and physical properties and working charac- 
teristics of the Cr Fe allojs is given in Table 2, which includes data for seven 
compositions ranging between 11^ and 30% chromium The rates of cooling during 
heat treatment as well as the time at maximum temperature share in determining 
phj'ical properties of the heat treated aIlo>s In general, increasing carbon improves 
response to heat treatment, i e , it widens the range of ph>»ical properties procurable 
by heat treatment It must be remembered, however, that corrosion resistance is 
lowered at the same time Seldom, except with tool steel applications in sen ices 
requiring resistance to abrasion, is it found desirable in tbe selection of a material 
of construction of the Cr-Fe type to obtain the maximum in mechanical values with- 
out regard for coTro*ion resistance Most frequently the material to give maximum 
service for a specidc application must possess neither the ultimate in corrosion 
resistance nor the maximum m mechanical properties but rather the optimum com- 
bination of properties A considerable amount of research, correlated with survejs 
of many plant service applications, has established that the be«t mechanical proper- 
ties of Cr Fe alloys consistent with satisfactory corrosion resistance in nitric acid, to 
which service these alIo 3 a are most regailarly appbed, he m the range of 15 to 18% 
chromium 

Fabrication and Heat Treatment All the metal compositions described m Table 
2 are capable of being formed and welded, within the limitations given Difficulty 
m welding and impairment of ph 3 rsical properties due to welding increase with 
increasing carbon content Cold worked material that has been severely deformed 
by pres-ing or shaping requires an annealing heat treatment, designated m the table 
to restore normal corrosion resistance Brittleness m the weld areas is characteristic 
of welded Cr-Fe allots and hence an annealiog heat treatment following completion 
of the welding is recommended Heat treatment procedure^ are given under the 
appropriate heading in the table The indicated heat treatment is essential in order 
to develop the full potential of corroeion resistance and favorable mechamcal prop- 
erties 

High-Carbon Grades of Chromium-Iron Allots 

Although the high-carbpn Cr-Fe alloys in the strict sen«e of the term, are not 
very resistant to a wide variety of corrosive media, they exhibit a combmation of 
properties worthy of mention These allo^ are of two grades cutlery and tool 
steels Both exhibit limite^^ resistance to general corrosion and find use principally 
where hardness and high strength are required in service 
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Cutlery. The Cr-Fe compositions included in this general range have two 
classifications: 12 to 14% chromium with carbon from 0.30 to 0.40%,* and 16 
to 18% chromium with carbon from 0.65 to 0.70%. Both these compositions respond 
particularly well to heat treatment and are used in services where corrosion 
resistance is secondary to high physical strength. Yield points in excess of 200,000 psi 
are obtainable with proper heat treatment. 

Tool Steels. When still higher carbon, i.e., 1.40 to 2.25%, is added to the 12.0 
to 18% Cr-Fe base compositions, a series of alloys results possessing excellent wear 
resistance and physical strength, although the resistance to shock is low. These alloys, 
properly heat-treated, give satisfactory service as drawing and sizing dies and also 
in gears and valve parts requiring high hardness and wear resistance with actual 
corrosion resistance a secondary requirement. 


GENERAL CORROSION RESISTANCE 

The Cr-Fe alloj's of greater than 12% chromium, in common with the stainless 
Cr-Fe-Ni alloys, are outstanding in their resistance to media of an oxidizing char- 
acter. They are much more likely to be attacked in service involving corrosive 
solutions under reducing conditions. This effect is well knowm from operating experi- 
ence and may be readil)' illustrated in the laboratory by comparing results of 
corrosion tests in air-saturated vs. hydrogen-saturated solutions. This behavior follows 
from their passive properties. (See Passivity, p. 21.) t 
Deaerated or reducing conditions must be considered unfavorable for corrosion 
resistance of the Cr-Fe alloys in the same way that aerated or oxidizing conditions 
are considered unfavorable for iron or steel and most of the non-ferrous metals and 
alloys. Likewise the presence of halogen ions in appreciable amounts, particularly 
chlorides, must be looked upon with .suspicion even in neutral or alkaline solutions, 
since the Cr-Fe allo 3 'S are subject to a pitting type of attack under such conditions. 
(See Pilling in Stainless Steels and Other Passive Metals, p. 165.) High chloride 
concentrations in a few specific media also introduce the possibility of stress corro- 
sion cracking. The rather limited evidence available to date indicates that the 
Cr-Fe alloys are less susceptible to stress corrosion cracking than the austenitic 
Cr-Ni-Fe alloj’^s. (See discussion of stress corrosion cracking, p. 174 and p. 571.) 

The Cr-Fe alloys are much more resistant than ordinary steel to scaling and 
oxidizing during heat treatment. The resistance to impingement is likewise better 
than steel, and often a cast Cr-Fe pump impeller will give several-fold longer service, 
particularly where high velocity accompanies bubble formation. 

Acids 

Comparative results obtained from exposure of two Cr-Fe stainless alloys to 
acetic, nitric, hydrochloric, and sulfuric acids are listed in Table 3. In general, it is 
expedient to consider Cr-Fe alloj's for processing nitric acid, nitrates, and mixtures 
of these that are held in an oxidizing condition. The austenitic alloys, i.e., those 
containing proper amounts of nickel in addition to the chromium, will serve equally 
well (p. 150). However, in handling most of the other inorganic and many of the 

This alloy (A. I. S. I. type 420) and the alloys containing about 0.10% carbon (types 403 and 416) 
ave excellent resistance to high-temperature steam. See Corrosion by High-Temperature Steam, p. 511. 
Ewtor. 

t Salt-spray data for Cr-Fe alloys are given in Table 3, p. 184. Sea-water corrosion rates are found in 
s le 16, p. 413, and Table 2, p. 172. Water-spray data are presented in Fig. 2, p. 28. 
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organic acids not of an oxidizing character the rate of coTTO'’ion of Cr-Fe alloys may 
be expected to be exce'aive and the use of a higher alloy material (addition of nickel 
and molybdenum for example) is indicated 

Table 3 CORROSION OF Cr Fe ALLOYS IN ACIDS 
Corrosion Rate ipy 
Area of epeeimen — approx. 35 aq cm. 

Volume ot eolut on — GOO m) (Renewed after each 4S-hr period.) 

Duration of teet — 6ve 48-hr penoda 
\eloeity — nat convect 


Alloy 

Cr 

C \i Mn 6i 

S 

P 


Anal.in4 23% Ci 
107«Cr 

27 SO 

15 70 

O 12 0 AT 0 72 0 30 

0 10 0 10 0 47 0 47 

0 014 

0 015 

0 017 

0 012 


AUoy 

jCone o/And S5% 

6o% 

60% 40% 20% 

10% 

5% 

1% 


1 Ace/ic And (Boiling) 

as'lCf 
16®'* Cr 

Clonal 

0 oow 

0 016* 


0 0002t 

0 0068 

0 0001 

0 OOOo 




1 AfUnc And (BoiUng)t 

28% Cf 
16% Cr 


0 OOAi 
0 018 

0 012 0 0078 


0 OOjo 

0 0010 


llydroehlono And io* C (77« F) 

28% Cr 
16% Cr 



3 0 

6 0 


3 1 



And W»C(122«F) 

16% Cr 

0 0o7 

1 8 

2 6 

0 72 




• Pitted. 

t Specimen waa paaa vated after first period of expoaure 

t Further data for mtnc acid are included in Table 2 p 163 Pauivatioa of ataialess ateela la deecnbed 
on p 153 

Alkalies* 

Effect of Allot ADDTno>s 

Additions of email amounts of nitrogen moljbdenum silicon copper, nickel, 
aluminum, columbiura and titanium hate been made to =ome of the Cr-Fe alloja 
for special purposes muallj the improtement of mechanical properties For instance, 
increase in nitrogen content of the 23 to 30% chromium alloy has proted quite 
helpful in this re«pect without deleterious effect on corrosion re Lstance A1 o incor- 
poration of about 4ii% nickel and 1.5% molybdenum in this high chromium range 
results m an alloy which can be hardened by heat treatment and has shown notable 
corro'ion re«Lstance in certain special applications In the intermediate chromium 
ranges resistance to nitric acid is «omewhat decreased by nitrogen additions and 
this is al o true for the other elements mentioned, with the possible exception 

• The Cr-Fe alloy* satisfactonly resut strongly alkaline aolutiona at ordinary temperature* but corrode 
somewhat more than iron at elevated temperetorea (See McKay and Worthington Corronm Remtance 
of iSttalt and Alloy 1 p 300 Heinbold Publishing Coip NewYork 193Q) Editob 
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of copper. The presence of about 1% copper appears to enhance resistance to hot 
dilute nitric-sulfuric acid solutions and incorporation of about 1 to 2% molybdenum 
has been reported to be beneficial under non-oxidizing conditions. In general, the 
degree of resistance of the original alloys and their modifications can be considered 
of the same order of magnitude, but considerable differences may exist under certain 
special conditions. 


ATMOSPHERIC CORROSION 

The effect on corrosion, in an industrial atmosphere, of increasing chromium alloyed 
with iron is shown in Fig. l.i 

Table 4. RESULTS OP ATMOSPHERIC CORROSION TESTS ON LOW- 
CARBON STEELS OF DIFFERENT CHROMIUM CONTENTS* 

Surface — annealed and descaled. 

Size sample — 7.02 X 15.24 X 0.152 cm. 

Corrosion products removed cathodically in 5% H 2 SO 4 -p 10 ml Rodine inhibitor/liter, 

1 amp/sq in., 70°-80‘’ C, 30-60 min. 

Sea Coast Atmosphere at Wilmington, N. C. 

Composilion, % Corrosion Rate, mdd 


C 

Cr 

Mn 

Si 

540 days 1320 days 

0.074 

• < • • 

0.39 

0.30 

7.74 6 46 

0.060 

1.02 

0.35 

0.23 

6.78 5.43 

0.046 

2.18 

0.56 

0.30 

5.50 3.60 

0.044 

3.15 

0.50 

0.32 

4.44 2.89 

0.066 

5.34 

0.56 

0.32 

5.25 2.23 

0.056 

7.28 

0.61 

0.33 

2.78 1.62 

0.060 

9.32 

0.67 

0.31 

2.49 0.88 

0.056 

12.53 

0.73 

0.31 

0.42 0.12 

0.042 

18.57 

0.70 

0.40 

0.08 0.02 


Industrial Atmosphere 

AT Niagara Falls, N. 

Y 


Composition, % 


Corrosion Rate, mdd 

C 

Cr 

Mn 

Si 

600 days 

0.074 

.... 

0.39 

0.30 

5.36 

0.060 

1.02 

0.35 

0.23 

4.45 

0.046 

2.18 

0.56 

0.30 

3.54 

0.044 

3.15 

0.50 

0.32 

2.93 

0.066 

5.34 

0.56 

0.32 

2.70 

0.056 

7.28 

0.61 

0.33 

2.40 

0.060 

9.32 

0.67 

0.31 

0.97 

0.056 

12.53 

0.73 

0.31 

0.42 

0.042 

18.57 

0.70 

0.40 

0.05 


Metropolitan 

Atmosphere at New York, N. 

Y. 


Composition, 

% 


Corrosion Rate, mdd 

C 

Cr 

Mn 

Si 

540 days 

0.068 

.... 

0.30 

0.10 

12.90 

0.062 

• 1.01 

0.29 

0.10 

16.20 

0.052 

2.09 

0.26 

0.15 

11.55 

0.042 

3.07 

0.35 

0.19 

4.83 

0.070 

5.50 

0.35 

0.17 

2.60 

0.060 

7.24 

0.33 

0.20 

3.33 

0.060 

9.13 

0.33 

0.18 

2.61 

0.080 

12.58 

0 76 

0.46 

0.005 

O.OSO 

17.26 

0.45 

0.32 

0.0008 


* Union Carbide and Carbon Research Laboratories. 
^R. Franks, Trans. Am. Soc. Metals, 35, 610 (1945). 
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Data on shorter time teats in manae industrial and Isew lork City atmo'pheres 
axe presented m Table 4 through the courteg' of Vi 0 Binder of Union Carbide 



Fio 1 Hesulta of Atmospheric Corrosion Tests on Lon Carbon (0 1%) Steels of Different 
ChrozmuiQ Contents after lO-lear Exposure to an Industrial Atmosphere (Cleaned after 
te«t b> brushing off loo«e oxide > (R Frarks) 

and Carbon Re carch Laboratories Niagara Falls ^ The corronoa rates reach 
low talues characteri tic of the stainless steels at compositions aboie 10 to 12% 
chrotmum 


CHROMIUM-NICKEL AUSTENITIC STAINLESS STEELS 

RvS'ell Frwks* 

The roost widelj austemtir «tajn!e^ steel js the tjTie generalJj referred to as 
lS-8 meaning an iron alloj containing approximatelj 18% Cr and 8% Ni There are 
two other comroon t\'pea of austemtic •'tamlc'S steela Thej contain approximate)} 
2a% Ct and 12% Ni (2o 12) and 2o% Cr and 20% ^l (25-20) All three of the e 
allojs are non magnetic and are jn-oduced in the form of wrought products and cast- 
ings extensile)} emploied to raist coiro ion Carbon content has a marked influence 
on corroaion resistance particular!} m fabneated article® and 18-8 ®teel has been fur 
ther dmded into t}pea that contain reepectnel}, a maximum of 0 08% C (tvpe 304) 
and a maximum of 020% C (type 302) The lower the carbon content the leso will he 
the danger of losa of corrosion re itance a« ociated with heating during fabncation 
and in a.e The maximum carbon content of the 25 12 and 2o-20 ®teels is generally 
put at 025% The e steels hax e optimum re istance to corrosion when they are fully 
CTineafed b} rapid!} cooling from lOaO” to 1100® C (1900° to 2000° F) 

* Ln on Carbide and Carbon Reseiirch LaDoratonea Inc Niagara Falla Is } 


MECHANICAL PROPERTIES OF ANNEALED AUSTENITIC Cr-Ni STEELS* 
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t American Iron and Steel Institute. 
t Alloy Casting Institute. 

§ As-cast condition. This metal contained 0.22% carbon. 
II As-cast condition. This metal contained 0.24% carbon. 
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Mechanical Pbopeiities 

Tj pjcal mechanical properties of wrought and cast austenitic Cr-Ni steels are given 
m Table 1 Both the modified (containing Cb or Ti) and the unmodified austenitic 
Cr steeh ha%e high ductilitj, tougbnes, and strength The strength of all the 
steela can be matenallj increased bj application of cold work 

AQUEOUS MEDIA 

The stainless steels deni e their corrosion resistance from the fact that they are 
passu e The mcchani m of passmty in these and similar alloys is discussed in 
Pa^siiity p 26 This propertj accounts for excellent corro.®ion resistance of the alloj a 
in aerated and oxidizing media, but lower resistance to reducing media Passu ity 
'll o accounts for their susceptjbihtj to corro®ion when chloride or other halide ions 
are pre®ent in solution 



Copper sulfote, 9rams per liter 


Fig 1 Effect of Copper Sulfate on the Corrosion of 18-8 in Sulfuric Acid at 15° to 20° C 
(C0° to 70' F) (Monypenny ) 

The pH of an aqueous solution u. not a sole cntenon of whether the annealed and 
quenched austenitic Cr-Xi “teeU will become subject to or be free of attack, as the 
chemical nature of the solution i» the major controlling factor Basic solutions do not 
rapidly attack the 'teels and onl> those acida (reducmg) that e\ol\e h>drogen act 
to destroj passuitj Por example, hjdroehlonc and sulfuric acid solution^ readily 
attack stamlesa steels whereas nitnc acid m all concentrations, eicn up to the 
boiling point, attacks the steel onlj slowly One of the important u.G 3 of the steeL, 
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therefore, is in resisting nitric acid, which is a strong oxidizing agent. Solutions 
containing dissolved salts vary widely in their action. In general the stainless steels 
are resistant to neutral and basic salt solutions. They are resistant to many weakly 
acid palt solutions but are not resistant to salt solutions containing chlorides 
(e.g., sea water), fluorides, and bromides. These types of salt solutions in time pit 
stainless steels, and precaution must be used when they are in contact with such 
media. The heavy metal halide solutions (e.g., FeCls) cause excessive pitting within 



Sulfuric acid, percenf 


Fig. 2. Effect of Small Additions of Nitiic Acid on the Corrosion of 18-8 in Sulfuric Acid. 
(Concentration of HNOs and temperatures of test were: [A] nil, 15° C [60° F]; [jB] 1%, 15° C; 
[q 3%, 15° C; [D] nil, 40° C [105° F]; [E] 1%, 40° C; [F] 3%, 40° C.) (Monypenny.) 

a short time. (Refer to Pitting in Stainless Steels and Other Passive Metals, p. 165.) 

For all practical purposes the annealed austenitic Cr-Ni steels are satisfactorily 
resistant to natural fresh waters, mine waters, boiler waters, steam, and condensates 
from boiler waters. The steels have been exposed to such media for long periods of 
time, and experience has shown that if they are initially in the passive state they will 
remain so almost indefinitely. 

Acids, Salts, Bases 

Corrosion rates in various media are given in Table 2. The 25-12 (type 309) and 
the 25-20 (type 310) steels are similarly resistant to the same chemicals but usually 
to a greater degree. The molybdenum 18-8 (type 316) steels are more resistant in 
general than the 18-8 steels to the same types of corrodents,* whereas the resistance 


But. not to nitric acid In this medium the corrosion resistance of molybdenum 18-8 is lower. 
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Table 2 CORROSION’ OF 18 8 STEEL (TYPE 304) IN VARIOUS MEDIA 


(Air cooled from lOoO® C [1920® F]) 


Corrosive Mediuta 

Teinperatuce 

DuraiioaoC Test hours 

\ t 

Loes 




mdd 

ipy 

20% Nitric acid 

Poffn 

I 

Nd* 


20% \itnc acid 

Boding 

IS 

Nd 


3% Nunc acid 

Boiling 

IS 

Nd 


1% Nunc acid 

Boilinff 

J8 

Nil 


Nitric acid fames 

IWC (230®r) 

Id 

100 

0 018 

10% HydroctUoric acid 

Boom 

1 

3G0 

0 06o 

10% Sulfuric acid 

Iloom 

1 

432 

0 079 

1% HjSOt + 2% UNOj 

Brmm 

17 

Nd 


0 2j% HiSOi + 02o% llNOj 

Boom 

17 

Nd 


10% Acetic acid C P 

Boom 

3 

Nil 


10% Acetic acid C P 

Boil ng 

12 

Nil 


Glacial acetic acid U S P 

Boom 

276 

01 

0 000 

Glacial acetic acid (J S I* 

Boiliog 

I(>7 

130 

0 024 

Crude acetic acid | 

Boding 

106 

37oa 

0 068 

10% Phoepbone acid C P 

Boding 

17 

Nil ' 


10% Carbclic acid C P 1 


16 

Nil 


10% Chromic acid (tech ) 

Boding 

41 

204 

0 037 

Caseentrated aulfurous acid 

Boom 

22 

Nd 


0 a% Lactic acid 

Boiling 

16 

4 1 

0 001 

10% Lactic acid 

! 0o*C (lo0*F) 

16 

! Nd 


2 0% Lactic acid 

Boibog 

16 

ol 

0 001 

o0% Lactic acid 

Boding 

16 

12 240 

2 23 

Sa% Lactic acid 

Boiling 

16 

1 SCO 

0 284 

10% Tartone acid 

Boding 

33 

Nd 


1% OaaLc acid 

Boding 

39 

177 6 

0 032 

10% Oxalic acid 

Boom 

17 

139 2 

0 D2o 

10% Fortruo acid 

Boding 

1 

3 240 

0 590 

10% rortmo acid 

Boom 

17 

24 

0 000 

10% Malic acid 

Boom 

17 

Nd 


10% Sodium Bulfite 

Boding 

16 

Nil 


10% Sodium bisulfate 

Boding 

16 

Nil 


10% Ammonium sulfate 

Boiling 

16 

Nd 


10% Ammonium chlonde 

Boibns 

16 

Pitted 


Lemon juice 


89 

Nd 


Orange juice 

Bnotn 

91 

Nil 


Sweet cider 

Boom 

23 

Nil 


Canned rhubarb 

Boiling 

16 

Nd 


Canned tomatoes 

Boding 

16 

Nil 


10% Sodium hydroxide 

B oding 

41 

Nil 



* '"1 refers to a weuhl loss of llie cpecinien DOt detectable within time of the test 
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of colninbium-bearing 18-8 steel (type 347) is approximately equal to that of the 
IS-S steels. 

Although sulfuric acid solutions badb’ attack 18-8, there are some conditions under 
which the steel can be used in contact with this acid. When oxidizing chemicals such 
as copper sulfate and nitric acid are present they act as inhibitors. This effect is 
illustrated by the data of Figs. 1 and 2. 

Molybdenum in 18-8 improves the resistance of the alloys to acids that evolve 
hydrogen. Sulfuric acid is one of this fj'pe, and the effect of molybdenum in retarding 
the action of this acid on 18-8 is shown in Fig. 3. Similar data are given in Fig. 4 for 
acetic acid.i It is pertinent, when economics are considered, that in both acids 
optimum resistance is obtained with about 2% molybdenum. 

In addition, the molybdenum 18-8 (type 31G) is generally superior to 18-8 (types 
302 and 304) in the following environments; 

1. Organic acid vapors, especiallj' when the acid is concentrated. 

2. Solutions or vapors containing small percentages of chlorine, hydrochloric acid, 
or other halogen compounds. 

3. Sulfurous acid solutions at high temperatures and pressures, or where small 
amounts of sulfuric acid may be present as in sulfite pulp processing liquors. 

4. Phosphoric acid when hot or concentrated. 

5. Fatty acids at high temperatures. 

NON-AQUEOUS MEDIA 

Liquids 

The austenitic Cr-Ni steels are resisUant to a number of non-aqueous corrosive 
liquids but arc badly attacked by others. Table 3 summarizes data on the effects of 
many corrosive media encountered in industrial work. 


G.iSES 

In Table 4, data are given for the resistance of the austenitic stainless steels to 
drj' and moist gases at room temperature and at slightly elevated temperatures. 
Stainless steels resist chlorine and hydrogen chloride when drJ^ and when moist 
provided the temperature is above the dew point. The critical upper temperature 
limits for resistance to these gasc,s are approximately 315° C (G00° F) for chlorine 
and 480° C (900° F) for hydrogen chloride. 

The 18-8 types of steel are attacked by moist sulfur dioxide at room temperature, 
but the 25-12, 25-20, and the molybdenum-bearing 18-8 steel offer good resistance, 
showing the advantage of the higher alloy content. 


CONTACT CORROSION* 

Contact or crevice corrosion occurs when surfaces of stainle.ss steels are used in 
contact with each other and the surfaces arc wetted by the corrosive medium, or 
when a crack or crevice is permitted to exist in a stainless steel part exposed to such 
media. This type of corrosion has been particularly noticed in stainlc.=3 .steel joints 
made using gaskets to obtain a tight joint. So long as the joint is tight and does 

• See Pilliny in Stainleis Sleds and Other Pasdre Allo’js, p. 172, for further remarks. 

’ 11. Franks. U'. O. Hinder, and C. R. Bishop, "The Efieet of Molybdenum and Columbium on the Struc- 
ture, Physical Properties, and Corrosion Resistance of Austenitic Stainless Steels,” Trans. .-Im. 'Sor. Metals, 
29, .3.'. (IP) 1). 
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Uctybdenfn.PerCBnt 


Fig 3 Curves Showing Effect of Molybdenum ond Heat Treatment on Corrosion Re 
sistancc of 18-b Steels m 10^ Sulfunc Acid at 70* C {15S® F) 

Cunt I Heated SniiQ &t 1100* t« USO* C (2010* to 2100* F} aad eir-cooled 
Curve g Heated 5 mio at 1100* to tt50*C (2010* to 2100* F) aod sir-eooled reheated 4 hr at 670* C 
(lOOO* F) and ait-eooled 

Curie 9 Heated 5 raia at 1100* to 1150* C (2010* to 2100* P) asd sir-cooled reheated 4 hr at 870* C 
(IGOO* F) and air<ooled reheated 4 hr at 6o0*C (I200*P) and air-cooled. 

Curie 4 Heated 5 nun at 1100* to 1150* C (2010* to 2100* F) and air-eooled reheated 4 hr at 050* C 
(1200* F) and air-cooled. 



Fig 4 Ctirvcs Showing Efiect of Molybdenum on Cortosioa Resistance of Cr-Ni Steels tn 
Condensate from Boiling Acetic Acid 

Curve 1 Heated 5 rmn at 1100* to 1150* C ^10* to 2100* F) and air-cooled Testa conducted in con 
densate from boding 80*^ acetic acid 

Curves Heated 5 mui at 1100* to 1160* C ^10* to 2100* FJ and air-cooled. Teste conducted in conden 
sate from boding 95*1, acetic ac A 
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not become wetted, contact corrosion will not occur, but otherwise failure may 
take place. 

It has been observed in experimental work using duplex samples of the stainless 
steels in a 4% sodium chloride solution, that gaskets of the well-known rubber 


Table 3. EFFECTS OF NON-AQUEOUS CORROSIVE MEDIA ON ANNEALED 

AUSTENITIC Cr-Ni STEELS 


Corrodent 

Temp. 

18-8, 
Type 304 

Cb 18-8, 
Type 347 

Mo 18-8, 
Type 316 

Ti 18-8, 
Type 321 

25-12, 
Type 309 

25-20, 
Type 310 

°C 

o p 

Inch Penetration per Year 

Acetone 

21 

70 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

Acetone 

Bol 

ling 



<0.0042 




Aniline crude 



<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

Benzol, tech. 

21 

70 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

Benzol, pure 

80 

176 

<0.0044 

<0.0044 

<0.004 

<0.0044 

<0.0044 

<0.0044 

Bromine 

21 

70 

Strong 

Strong 

Strong 

Strong 

Strong 

Strong 




attack 

attack 

attack 

attack 

attack 

attack 

Butyl acetate 



No attack 

No attack 

1 

No attack : 

No attack 

No attack 

No attack 

Carbon tetraohlo- 









ride 

21 

70 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

Carbon tetraohlo- 







i 


■ ride.C.P. -1- 1% 









HjO 

Boiling 1 

.... 

.... 

0.004-0.042 

.... 

.... 

.... 

Carbon tetraohlo- 









ride.C. P. + l% 









HCl 

Boil 

ling 



0.004-0.042 


.... 

— 

Ethyl alcohol 

21 

70 

0.003 

0.003 

0.003' 

0.003 

0.003 

0.003 

Fatty acids 

21 

70 

<0.004 

<0.004 

<0,004 

<0.004 

<0.004 

<0.004 

Gelatin 



No attack 

No attack 

No attack 

No attack 

No attack 

No attack 

Iodine 

21 

70 

0.42 

0.42 

0.12-0,42 

0.42 

0 42 

0.42 

Phenol, crude 

100 

212 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

Sodium hydroxide, 









fused 

315 

GOO 

0,004-0.041 

0.004-0.04 

0.004-0.01 

0.004-0.04 

0.004-0.04 

0.004-0.04 


Table 4. EFFECTS OF GASES ON ANNEALED AUSTENITIC Cr-Ni STEELS 


Gas 

Temp. 

18-8, 
Type 304 

Cb 18-8, 
Type 347 

i 

Mo 18-8, 
Type 316 

Ti 18-8, 
Type 321 

25-12, 
Type 309 

25-20, 
Type 310 

“C 

op 

Inch Penetration per Year 

CI 2 , moist 

20 

70 

0.12-0.42 

0.12-0.42 

O.at-0.12 

0.12-0.42 

0.12-0.42 

0.12-0.42 

SO 2 , moist 

20 

70 

<0.04 

<0.04 

<0.004 

<0.04 

<0.004 

<0.004 

SO 2 , dry 

300 

575 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

NHj, dry 

20 

70 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

IICl, drj' 

20 

70 

Attacked 

Attacked ; 

Attacked 

Attacked 

Attacked 

Attacked 

HCl, moist 

20 

70 

Badly 

Badly 

Badly 

Badly 

Badly 

Badly 




attacked 

attacked j 

attacked 

attacked 

attacked 

attacked 

HF, dry 


i 

Attacked 

Attacked 

Attacked 

Attacked 

Attacked 

Attacked 
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materials cau«e cxce «i'o contact eorrosioa at the joint Contact corrosion de\elops 
when thin sheets of 18-8 are employed as the gasket material under similar conditions 
Powdered metaU mixed with rubber cement ha\e been tested as gasket material and 
surfaces of 18-8 steel ha^e also been painted with the rubber cement, after which 
different metal powders ha\e been spnnkled on top After the cement dries the 
metal powder not adhering to the rubber cement is remoxed Under the«e conditions 
the following metal powders do not cause lS-8 steel to become contact corroded 
zinc tm nickel, lead, and low carbon ferrochromium (chromium, 69 52%, carbon, 
005%, silicon, 0 57%, remainder subotantially iron) The best of these metaU for 
Use m a gasket for IS 8 is the powdered low-carbon ferrochromium because it does 
not easilj corrode 

The following powdered metals and oxides applied similarl 5 ' caii«e Ee\ere pitting 
and contact corro‘'ion of 18 8 magne«ium, aluminum, antimonj, molybdenum, 
tung«tcn copper, silicon, ferrosihcon, high carbon fenocliromium (chromium, 6987%, 
carbon 4 71%, silicon, 1 06%), silica, iron oxide, mangane'c oxide, chromium oxide 

Rapidly moving well-aerated solutions have le«» tendencj to cause contact corro- 
'lon at crevnees such as threaded joints or in blind pockets than do stagnant solutions 
Solutions containing caustic ■^oda sodium carbonate sodium bicarbonate, sodium 
sulfate, mangane'C eulfate, potassium bicarbonate, and potassium nitrate seem to 
prevent tins tj pe of attack , but solutions containing sodium chloride sodium suISde 
potassium chloride, potassium sulfate, and magnesium chloride promote it 

Vaseline has been found to be a suitable material for sealing crevices to prevent 
contact corro ion of stainless steeU* The molvbdenum bearing IS S (tvpe 316) is 
less susceptible to this t>'pe of corrosion than are other IS-Ss m chloride solutions 
and IS more readily protected by the means suggested above 


“PASSn'ATION” TREATMENT 

Manufacturers of stainless stccU “px<^»ivale’t the ailojs as a final treatment, u-ang 
for example nitric acid solutions This treatment, ba^ed on expenenee, is used to 
insure best performance m borderline applications and where critical chemicals 
require that even the initial corro-ion rates be at a minimum It cleans the surface 
of the stainless steel of contammalion, such as free iron, that promotes corrosive 
attack, and othenvise equipotentiahzes the surface by removing anodic surfaces 
Passiv ation is particularlj effectiv e when the steels are expo-ed to solutions m which 
there is a tendencj toward corrosion pitting 

A S T M Subcommittee IV of Committee A-10 recommended (1946) the follow- 
mg conditions to achiev e the desired results 

And Concentration — 20 to 40 'X t)y ^olonie of couceatrated tutrK acid for all alloy compositions. 

Temperat'iTe — 55® to 70® C {130® to ICO® F) for the austenitic and straight chromium steels contaimug 
17% or more chromium 

— 4o® to 60® C (110® to 140® F) for the free machimng straight chromnini steels and all 
grades containing 12 to 11% chromiom 

Time — 30 to GO min for all concentrations The tune might possibly be reduced to facilitate continuous 
operations 

Matenal should be immersed completely 

•Pnvate Communication P L LaQue International Nickel Co . Inc , New York, N Y 

t So-called passivation of stainless steels by munc r aion in nitnc acid is probably more properly called a 
mild pickle since its major function is to clean the surface cheraieally Editob 
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GALVANIC EFFECTS 

In the passive state the stainless steels have a noble galvanic potential; hence, 
when connected under corrosive conditions with more active metals like carbon steel,' 
cast iron, magnesium alloys, and aluminum alloys, accelerated corrosion will occur 
on the latter metals. This is true particularly if the areas of the parts are equal to 
each other or if the area of the stainless steel is greater. Stainless steel may be coupled 
with these metals in some environments if its area is much less than that of the active 
metal. A good example is the use of an 18-8 steel rivet in a carbon steel plate 
immersed in sea water, in which instance the 18-8 steel does not appreciably increase 
the corrosion rate of the carbon steel plate, nor does the carbon steel increase the 
rate of corrosion of the 18-8 rivet. This subject is discussed further in Behavior oj 
Metals and Alloys in Sea Water, pp. 391 and 415. 

EFFECT OF 'MECHANICAL FACTORS 

Cold Work 

The' effect of cold-rolling various types of 18-8’s on corrosion by nitric acid is 
indicated by data of Table 5. All the steels listed possess good resistance to boiling 


Table 5. RESULTS OF NITRIC ACID TESTS ON ANNEALED AND 
COLD-ROLLED AUSTENITIC STAINLESS STEELS 

Size of specimen — 2.5 X 3.8 X 0.15 cm (1 X 1.5 X 0.06 in.). 

' Surface preparation — 2B. 

Velocity of acid — still except for boiling action. 

Temperature — 166° C (330° F). 

Duration — three 48-hr periods. Acid changed after each period. 


Material 

Composition, % 

Condition 
of Metal* 

Inch Penetration per Year in 
Boiling 65% HNOs 

1st 48-hr 
Period 

2nd 4S-hr 
Period 

3rd 48-hr 
Period 

Cr 

Ni 

C 

Mo 

,Cb 

304 

18.86 

8.26 

0.06 

.... 

.... 

1 

0.0096 

0.0072 

0.0060 







2 

0.0120 

0.0096 

0.0096 

316 

18.38 

12.08 

0.07 

2.00 

.... 

1 

0.0084 

0.0072 

0.0072 







2 

0.0084 

0.0072 

0.0072 

316 

18.83 

14.31 

0.06 

3.12 



0.0096 

0.0084 

0.0084 








0.0110 

0.0110 

0.0110 

347 

18.05 

9.52 

0.07 


0.82 


0.0110 

0.0110 

0.0110 








0.0120 

0.0120 

0.0110 

347 

18.40 

13.39 

0.05 

2.02 

0.70 


0.0084 

0.0060 

0.0060 







2 

0.0084 

0.0084 

0.0072 


• 1 = Annealed by air-cooling from 1050°-2000° C (1900°-2000° F). 
2 = Cold-reduced 30 % by rolling. 


65% nitric acid; cold-rolling them uniformly to obtain high strength does not 
apparently impair their resistance to oxidizing media.* Similar tests have been made 
on annealed sections of 18-8 in which local areas have been cold-worked by bending, 

• However, for media in which corrosion pitting may occur, e.g., FeCls, cold-working the alloys appears 
to increase pit nuclei. See Piltinu in Stainless Steels and Other Passive Metals, p. 171. Editor. 
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but no increase in corrosne attack has been ob'er\ed There la eindcnce, however, 
from seniee applications m which flanges are mvohed that exposure to chemical 
solutions containing small percentages of sulfunc and mtnc acids has resulted m more 
seiere attack m the cold-worked areas than in the annealed 'ections of the same 
metal There is al«o eiidence that under similar conditions the cofumbium- and 
moljbdenum'bearmg 18-8 steels are not affected m the same way by cold work. 

Stress 

Refer to Stress Corrosion Crachng in Stainless Alloys, p 174 

EFFECT OF METALLURGICAL FACTORS 
Carbon raises the strength of the 18-8 steels and mcrca'es susceptibility to mter- 
granular attack (Di-eiisted opposite page ) Nitrogen raises the strength of the steels 
but unlike carbon does not delnmentallj affect their corrosion resistance ^ 

Mangane-e and silicon are used m deoxidiring the steels during manufacture to 
obtain high-qualitj allojo The addition of several per cent manganese does not 
reduce corraMon rc:^l;-tance, but as shown bj' the data of Table 6, excessive per- 
centages of silicon o\er thO'C reqmred for dcondation reduce resistance to boiling 
concentrated nitric acid 

Table 0 EFFECT OF CARBOV. SILICON'. MAN'GkN'ESE, AND NITROGEN 
ON THE CORROSION RESISTANCE OF 18-8 STEEL IN BOILING 65% 
lINOi* 

Si*efp«cun«n — 25 X3« X 06 cm (I X 1 H X K ul) 

8urfw« prcp&radoa — finub polsbcd witb 120 emery cloth. 

^ elocit} o{ acid — bcitine aettoo. 

Temperature — 165* C (330* F) 

Duration of teat — three 45-hf penode Aci 1 changed after each penod. 


5Iam 

Compoeicioa 

1 CortMion Rate 

ipy 

let 4S-hr 
Penod 

2Dd 4S-hr 
Penod 

3rd 4S-hr 
Penod 

Cr 

Nl 

Mn 

Si 

C 

N 


18 12 

8 20 

1 25 

0 21 

0 03 

0 03 

0 0120 

0 0096 

0 <XI96 


19 IQ 

8 (M 

1 44 

0 32 

0 a> 

0 04 

0 0110 

0 0072 

0 (XI72 

C 

18 C9 

8 72 

1 10 

0 20 

0 07 

0 O3o 

0 0110 

0 0084 

0 0084 


IS Oo 

8 79 

0 70 


0 10 


0 0132 

0 0120 

0 0120 


17 76 

8 2o 

1 19 


0 14 


0 0144 

0 OloO 

0 0156 


17 9G 

8 C9 

1 49 

0 36 

0 06 

0 04 

0 0096 

0 (X)72 

0 0072 


iS to 

S S? 

/ ^ 





j osrs 

<f&S7S 


IS 30 

8 72 

0 70 

0 39 

0 07 

0 12 

0 DUO 

0 0084 

0 0072 


18 oo 

8 96 

1 5o 

0 37 

0 a> 

0 

0 0096 

0 0084 

0 0072 


IS 34 

9 00 

0 o9 

0 37 

0 Oo 

0 04 

0 0095 

0 0072 

0 0072 


IS 69 

8 72 

1 10 

0 20 

0 07 

0 04 

0 0110 

0 0084 

0 0084 

Mn 

17 96 

8 69 

1 49 

0 36 

0 00 

0 04 

0 0110 

0 0072 

0 0072 


17 80 

8 01 

2 23 

0 46 

0 0> 

0 03 

0 0120 

0 0096 

0 00S4 


IS 46 

8 34 

2 46 

0 49 

0 07 

0 03 

0 OUO 

0 0096 

0 0084 


17 96 

8 69 

1 49 

0 36 

0 06 

0 04 

0 0096 

0 0072 

0 0072 

Si 

17 87 

8 60 

0 70 

0 70 

0 06 

0 035 

0 0132 

0 0132 

0 0132 


18 40 

8 78 

0 70 

■EBJ 

Eiai 


0 03o0 

0 0228 

0 0240 


•All sample* annealed by air cooling from lOoO* to I100*C (1900® to 2000® F) 


* NtTropenta Ckromx’tm AXl^j Sirde bulletin publidied by the Electro MetaHurgical Co , 30 East 42nd St., 
New York, N Y Copyrighted 194 1 
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The data of Table 7 show the effect of increasing the chromium and nickel contents 
of the 18-8 steel on the resistance to hot concentrated nitric acid. It is well demon- 
strated by these data that the higher chromium and nickel content steels are definitely 
superior to 18-8 steel for resisting hot nitric acid. 


I Table 7. EFFECT OF INCREASING THE CHROMIUM AND NICKEL 
CONTENTS ON THE CORROSION RESISTANCE OF 18-8 STEEL IN 

BOILING 65% HNO 3 * 

Size of Bpecimen — 2.5 X 3.8 X 0.6 cm (1 X 1 34 X K in.). 

Surface preparation — finish-polished with 120 emery cloth. 

Velocity of acid — boiling action. 

Temperature — about 165° C (330° P), 

Duration of test — three 48-hr periods. Acid changed after each period. 



Composition» % 

Corrosion Rate, ipy 

Type 






First 48-hr 

Second 48-hr 

Third 48-hr 


Gr 

Ni 

Mn 

Si 

C 

Period 

Period 

Period 

304 

18.69 

8 72 

1.10 

0 20 

0.07 

0.0110 

0.0084 

0.0084 

309 

24.64 

12.17 

1.44 

0 31 

0 08 

0 0060 

0.0036 

0.0036 

310 

25.70 

20.34 

1.54 

0 42 

0.09 

0 0048 

0.0036 

0.0036 


• All samples annealed by air cooling from 1050° to 1100° C (1900° to 2000° F). 


Intergranular Corrosion* 

The remarks so far have related to the corrosion resistance of the austenitic 
Cr-Ni steels in the annealed condition. It is now well known that the austenitic steels 
are metallurgically unstable when heated in the temperature range of 350° to 800° C 
(650° to 1500° F). After heating in this temperature range they become subject to 
severe attack at the grain boundaries by even relatively mild corrosive media. 
This attack is referred to as intergranular corrosion and is so severe, that the steel 
literally disintegrates into separate grains, losing substantially all its recognizable 
properties. In some instances, the attack may not progress far 'enough to cause com- 
plete disintegration but is sufficiently severe to practically destroy mechanical prop- 
erties. This condition cannot always be foretold by visual examination, but the steel 
will usually lack metallic ring when struck with a metal object. 

Dr. Benno Strauss^ and coworkers believed that carbon was responsible for the 
difficulty, and that if carbon content was as low as 0.07% the 18-8 steels would 
become free of intergranular attack. The subsequent W'ork of many investigators 
has shown that lowering the carbon content to this extent does not eliminate the 
trouble. While carbon content has some influence, the more important factors are 
time, temperature, and the corrodent. In experiments using a 'boiling solution con- 
taining copper sulfate and sulfuric acid,t Bain et alA obtained the data given in 
Fig. 5 to illustrate the effect of the time and temperature factors on maximum 
sensitivity to intergranular attack. 

• Refer also to Intergranular Corrosion Tests (for Stainless Steels), p. 1019. 

1 47 ml H2SO4 (sp. gr. 1.84), 13 grams CuS04-5H20 per liter. 

® B. Strauss, H. Sohottky, and J. Hinniiber, “Die Carbidausscheidung beim Gluhen von niohtrostenden 
unmagnetisohen Chromnickelstahl” (Carbide Precipitation upon Annealing of Stainless Non-magnetio 
Chrome-Nickel Steel), Z. anorg. allgem. Chemie, 188, 309-324 (1930). 

* E. C. Bain, R. H. Aborn, and J. J. B. Rutherford, “The Nature and Prevention of Intergranular Cor- 
rosion in Anatenitio Stainless Steels,” Trans. Am. See. Steel Treating, 21, 481-509 (1933). 
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The se\ enty of this tj pe of attack is well illustrated by the fact that even the 
metal adjacent to welds made in the annealed 18-8 steels is quite subject to inter- 
granular deterioration on exposure to corrosive media, whereas the metal proper 



Fiq 5 ERect of Time aod Temperature on Maiuinum Sensitivity of Low Carbon 18-S 
Steal to Intergranular Attack. (Bain. Abom and Rutherford ) 



Fig 6 Appearance of an 0 08% Cart>OD 18-8 Steel Sample After Beating 1 Hour at 650® C 
(1200® F) and Treating with an Acidified Copper Sulfate Solution (The metal cracked 
badl} on bending) 

and the weld metal are relatively /ree of the trouble (See Fig 3, p 1104) The 
severity of intergranular attack is also illustrated by the photograph of Fig 6 
The cau^e of intergranular corrosion has been the subject of much «tudj It is 
stated bj sorae^.e 7 8 that the decreased coirt^iou resistance of the steeL is due to 

N Knvobok and AI A Grosamanij ' Influence of bwfcel on the Chromium Iron-Carbon Constitu- 
tional Diagram " Trans Am. Soe SUtl TmUittg 18 S0S-S3G (1930) 

®R.H AbornandE C Bam, ‘ \atureof tlieNickeM31in»nuum Rustless Steels,” Trans Arn-Soc SUel 
Treating, 18 837-S93 (1930) 
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depletion of chromium in the area near the grain boundaries, caused by the precipi- 
tation of chromium caibide. The reasoning is that under the influence of heat, carbon 
migrates to the grain boundaries at a more rapid rate than chromium, and a large 
portion of the chromium at the grain boundaries and in the adjacent zones combines 
with the carbon and leaves these regions deficient. Miller** reasons that the carbon 
migi-ates to slip planes and grain boundaries and precipitates as an iron carbide, 
^which is dissolved by weak corrosive media. KinzeP** states that internal stress may 
be responsible, but as yet definite proof as to the cause of intergranular corrosion 
is lacking. 

The chromium impoverishment theory does not seem to be entirelj’’ acceptable 
for several reasons. It has been impossible to increase the chromium content of an 
austenitic stainless steel sufficiently to obtain even relative freedom from suscepti- 
bility to intergranular attack. The 25-12 and 25-20 steels even of extremely low carbon 
content are as susceptible to intergranular attack as the lower chromium 18-8 steel. 
The carbon content of 18-8 steel has been decreased below 0.01%, and the metal is 
still subject to this type of attack, although to a less degree. 

Elimination of Intergranular Corrosion. Susceptibility to intergranular corrosion 
caused b 3 ’' heating in the range of 350° to 800° C (650° to 1500° F) can be eliminated 
by reannealing the steels at 1050° to 1100° C (1900° to 2000° F), followed by rapid 
cooling, provided the annealing treatment is applied before the steels are exposed to 
corrosive environments. This treatment redissolves precipitated carbides so that 
carbon is in solid solution and the chromium is supposedl 3 ’' redistributed uniformly 
throughout the steel. In many cases it is impractical to emplo 3 ' the annealing treat- 
ment after fabrication, and it is necessary to use an addition agent to the alloy to 
eliminate the tendenc 3 ’’ of carbide precipitation. 

The announcement by Houdremont and Schafmeister^i that titanium would 
inhibit intergranular corrosion was followed by a number of investigations which 
broadl 3 ’' confirmed their results. The practice at present is to include from four to 
six times as much titanium as carbon in the 18-8 steels to retard intergranular attack. 
The work of Becket and Franks^^ showed that columbium also offers a satisfactory 
solution to the problem. Complete immimity to intergranular attack is obtained by 
having present at least eight to ten times as much columbium as carbon by weight. 
The 18-8 steels containing columbium are suitable for welding rods, as the colum- 
bium in the rod can be transferred to the weld deposit without excessive loss. The 
accepted practice is therefore to employ rods of the columbium-bearing 18-8 steel 
for welding both the titanium- and columbium-bearing 18-8 steels. 

The columbium addition does not impair the general overall corrosion resistance 
of the 18-8 steels, so that these steels are used extensiveb’’ in chemical equipment 
that cannot be annealed after welding. The titanium-bearing 18-8 steels are used at 

^ B. Strauss, H. Schottky, and J. Hinnuber, "Die Catbidausscheidung beim Gluhen von nichtrostcnden 
unmagnetischen Chromnickelstahl” (Carbide Precipitation upon Annealing of Stainless Non-magnetio 
Chrome-Nickel Steel), Z. anorg. allgem, ChcmiCj 188, 309-324 (1930). 

® P. Schafmeister, "Korngrenzenkorrosion und Gefugeatzungen bei Stahl mit 1S% Cr und 8% Ni” 
(Intergranular Corrosion and Etching of 18-S), Arch. EisenhOllcnw., 10, 405—413 (1930-1937). 

® J. L. Miller, “An Investigation of Certain Corrosion-Resistant Steels,” Iron and Steel Institute, Car- 
Itegtc Scholarship Memoirs, 21, 111-151 (1932). 

A. B. Kinzel, J. Applied Phys., 8, 341 (1937). 

E. Houdremont and P. Schafmeister, "VerhUtung der Korngrenzenkorrosion beim Stahlen mit 18% 
Cr und S% Ni” (Prevention of Intergranular Corrosion in 18-S), Arch. Eisenhilttenw., 7, 187-191 (1933- 
1934). 

’■ F. M. Becket and R. Franks, "Effects of Columbium in Chromium-Nickel Steels,” Trans. Am. Inst. 
Mining Mel. Engrs., 113, 143-102 (1934). 
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high temperatures to resist intergranular effects but are not so widely emplojed in 
chemical service When welded vesels of either steel are constructed m accordance 
with A S ME Boiler Code requirements they must be stress relieved at 845“ to 
900° C (1550° to 1650° P) It should be emphasized that molybdenum tungsten and 
some other carbide forming elements do not render the steels free of intergranular 
attack although molybdenum addition-, decrease «ensitnity to and <=eventy of attack 


ATMOSPHERIC CORR0310\ 

The austenitic Cr Ivi steels of ti e 18 8 type and the 25 12 and 25-20 types are all 
resistant to atmospheric conditions both for interior and for exterior exposures and 
under conditions of high or low humidity The steels are resistant to the action of 
water and in most environments show no 'igns of permanent «taimng even after long 
exposure In connection with tie resistance of these steel-, to almo. phene corrosion 
it IS impoitant that they be free of surface scale oxide and iron contamination If 
the surfaces are not properly cleaned there is n good opportunity for the alloys to rust 
by contact corrosion Howev er if the steels are properly cleaned before exposure to 
the atmosphere and periodically afterward they will remain bright almost indefi 
nitely The resistance of the«e «teels to atmo*phenc corrosion is shown by data of 
Table 8 

Table S RESULTS OF ATMOSPHERIC CORROSION TESTS OV 18-8 
STEELS AT NEU ^ORK CIT\ AND NIAGARA FALLS N \ 

S le of ep««tm«(u |7 8 X 2s 4 X 0 10 em (7 X 10 X 0 M in } 

Surface preparat on — 2D fin sb 
Temperature — not observed 
Samples wei’^bed three t mee 


Matenal 

Q9 

%'r> 

'T.Mn 

%s 



%Cb 




Pittug 

30-’ 

18 7 

8 8 

0 47 

0 27 

0 12 



90 

NYC 

NJ 

Noae 

304 

18 2 

8 7 

0 4Q 

0 47 

0 07 



96 

NYC 

N 1 

None 

316 

18 7 

10 ao 

1 20 

0 30 

0 08 

2 4 


60 

NYC 

Nil 

None 

304 

18 2 

8 7 

0 4S 

0 47 

0 07 



63 

N F 

N 1 

None 

317 

18 4 

S 93 

_1 25 

0 20 

0 06 


0 7 

63 

N F 

N 1 

None 


AoCe None of the eteels permaueDCly stainetL 


After periods of 5 to 8 y ears the «arfaccs of the 18-8 steels hav e remained sub- 
stantially unaffected The que tion of cleaning the 18-8 surface cannot be ov er 
emphasized and depends to a large extent on the type of atmosphere m which the 
steels are exposed It is not «o necessary to clean the surface as frequently in rural 
and urban atmospheres as it is in industrial atmospheres «uch as in Niagara Falls 
N and Pittsburgh Pa It may be necessaiy to ua^h the surfaces of the eteels 
frequently when they are exposed to the atmosphere near the eea coast in order to 
remove deposited salt and dirt particles The question therefore of keeping the 
eurfaces of the steel bright depends primarily on the typo of atmosphere 
Samples of annealed and cold rolled 18-8 stainless steels were exposed to the 
industrial atmosphere at Niagara Falls and to an artificially prepared humid atmos 
pbere for a penod of approximately 2 years lakewue F L LaQue* exposed panels 

• Private commuiucat on 
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of 18-8 for one year 800 ft from the ocean at Kure Beach, N. C. The tensile strength 
of the annealed and cold-rolled 18-8 steels remained unchanged, showing that even 
under humid atmospheric or marine conditions, the material did not deteriorate any 
faster within the time of test than under normally dry atmospheric 'conditions. These 
results have been amply supported by longer-time application of 18-8 for decorative 
purposes on store fronts, and on buildings like the Empire State and Chrysler 
Buildings in New York City. 

, GENERAL REFERENCES 

' Fbanks, R., "Effects of Special Alloy Additions to Stainless Steels," Trans. Am. Soc. Metals, 27, 605-529 
(1939). 

Kinzei,, a. B., and R. Franks, The Alloys of Iron and Chromium, Vol. II, Alloys of Iron Monographs, Engi- 
neering Foundation, McGraw-HiII Book Co., New York, 1940. 

Krivobok, V. N,, "A Digest of Stainless Steel," Year Book of the American Iron and Steel Institute, pp. 129- 
1G7, 1937. 

Monypenny, J. pi. G., Stoinicss Iron and Steel, 2nd Ed., 575 pp., Chapman and Hall, London, 1931. 
Thum, E. E., The Book of Stainless Steels, 2nd Ed., American Society for Metals, 1935. 


PITTING IN STAINLESS STEELS AND OTHER PASSIVE METALS 

H. H. Uhlio* 

Passive metals such as the stainless steels resist many corrosive media and perform 
excellently over long periods of time. In some solutions the surface remains literally 
unattacked, but if corrosion does eventually occur, rapid penetration takes place at 
several small areas. These are so-called pits. They occur at random within or at 
the grain boundaries of the alloy. Pitting may be a serious type of corrosion because 
of the rapidity with which heavy sections of metal are perforated. 

Corrosion pitting may occur with any metal, but for reasons discussed below it is 
the prevalent form of corrosion experienced with the passive alloys and the passive 
metals such as aluminum, nickel, and chromium. The mechanism of pitting in stain- 
less steels is characteristic of the mechanism in many if not all of the passive metals. 

Frequently preventive measures can be taken. However, in specific applications of 
stainless steels, such as immersion in sea water, pitting will eventually occur in an 
interval of exposure ranging from months to several years, depending on the alloy 
and factors of exposure. 


THEORY 

Pits begin by breakdown of passivity at favored nuclei on the metal surface. The 
breakdown is followed by formation of an electrolytic cell, the anode of which is a 
minute area of active metal and the cathode of which is a considerable area of passive 
metal. The large potential difference characteristic of this “passive-active cell” (0.5 to 
0.6 volt for 18-8) accounts for considerable flow of current with attendant rapid 
corrosion at the small anode. The corrosion-resistant passive metal surrounding the 
anode and the activating (passivity-destroying) property of the corrosion products 
within the pit account for the tendency of corrosion to penetrate the metal rather 
than spread along the surface. The large potential of the cell accounts for a large 

• Corrosion Laboratory, Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, 
Mass. 
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effective cathode area therebj drawing upon a considerable volume of depolarizer 
(dissolved oxjgen or oxidizing “^It) for maintenance of corro'ion currents 

Pit growth Is controlled bv rate of depolarization at the cathode areas In =ea water, 
control IS exercised bj the amount and avai]abilit> of dissolved oxygen In NaCl 
solutions free of di«olved oxjgen no pitting has occurred in laboratory te^ts 
Ferric chloride a more effective dcpiolarizer than dissolved oxjgen cao-Cs greater 
numbers of pits and more rapid penetration ’Sifrates do not readily depolarize and 
hence do not take part m or accelerate pitting On the contrary thej help to 
stabilize pas ivitj 18-S immersed in 10% FeCIvGU-’O solution containing 3% JsaNOs 
did not pit and Jo t only 0002 mdd in 2M jear** whereas without nitrate, the 
corro ion rate with pitting was a million times greater 

The Elongated Pit 

I\Tien the corro ive agent contains chloride ions as is commonlj the ca'e, anodic 
products within the pit CQn''i‘d. largelj of concentrated ferrous chloride and other 
chlorides of metal composing the alloj The'C solutions are acidic (pH approx 
10) and have been proved effective m breaking down pa« ivitj Hence it is not 
surprising that the«e high densitj «oltiiiOQs are exuded by the pit thej make 
contact with metal beneath il and destroj passivitj m the du-ection of gravity 
Elongated electrolj tic cells are establi hed and pits of this shape are tj^pieal of 
«tainless «teel specimens immersed in relatively stagnant sea water or m feme 
chloride 


CONDITIONS AFFECTING PIT FORMATION 

Two beats of stainless «tcel of the «ame overall analjsis and in the same envnron 
ment will show different tendencies toward pitting Here factors are operating 
obvnou Ij characteri tic of the alloj On the other band the same aUo> will pit 
profu.e]j or not at all depending upon conditions of the environment Hence both 
factors must be comidered 

Factors of the Ewtrovieent 

Pitting IS mo«t likelj to occur in the pre«!^ence of chlonde ions combined with 'Tich 
depolarizers as oxv gen or oxidizmg ^alts An oxidizing env ironment is Usuallj neces- 
«arj for pre'^erv ation of pa ivitj with accompanjmg high corro ion resistance but 
imfortunatelj it is al o a condition for occurrence of pitting The oxidizer can often 
act a- depolarizer for passive-active cell* established bj breakdown of pa£ mtj at 
a speci&c point or area The chlonde ion vn partvculac can accomplish this breaLdown 

In «olutions of chlorides pitting occurs if the standard oxidation reduction potential 
la less than approximately — 015 volt This js illustrated bj data of Table 1 For 
example 18-8 (ijiie 304) immersed in 10% mcke! chlonde m open beakers for 24 
hour® corroded at an average rate of 0026 ipj with no evidence of pitting This is in 
accord with the fact that no lower valence nickel 'alts form and the oxidation 
reduction potential i zero If however bjdrogen peroxide is added to nickel chlonde 
'olutions as m electroplating baths operating at about 60® C (140® F) the stainless 
«teels including tv-pe 316 containing moljbdenum pit 'cverely* In this instance it 
Is expected that the oxidation reduction potential is definitely more negativ e than 
— 0 15 V olt 

• Private communication from F L.LaQue IntecnatioDal Nicliel Co \ewYork,\ Y 

* H H UtLg Tran* Am J»uf Sfet Engn 140 4Z2 (1940) After 9 j-ears and 8J months 

this game spec men was stiU free of pits and bad corroded at an overall rate of 0 OCT® tpy 
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Table 1. RI LATION OF OXIDATION-REDUCTION POTENTIAL TO 
PITTING OF 18-8 IN IMMERSION TESTS 


Solution 

Oxidation-Reduction Reaction 

Std. Poten- 
tial, Volts* 

Presence of Pits 
After Testt 

Hypochlorous acid 

H+ + HCIO \4Ch -b H 2 O - e- 

-1.63 

+ 

Thallic chloride 

T1+++ + Cl- -V TlCl - 2e~ 

-1.36 

-b 

Mercuric chloride 

2Hg++ -> Hg2++ - 2e- 

-0.91 


Ferric chloride 

Fe+++ — > Fe'++ - 

-0.77 

-b 

Cupric chloride 

Cu++ + Cr CuCl - e- 

-0.57 

-1* 

Stannic chloride 

gn-H-H- g„++ _ 2e- 

-0.15 

_ 

Nickel chloride (NiCi 2 ) 

No lower valence salt 

0 

— ' 

Manganese chloride (MnCb) 

«i •( 4 * 

0 

— 

Chromic chloride 

Cr-*-”- Cr++ - e- 

-f0.41 

- 


* These potentials are largely from Latimer and Hildebrand, Reference Book of Inorganic Chemistry^ 
The Macmillan Co., 1940, but with signs reversed to conform ^vith convention of sign adopted by The 
Electrochemical Society. 

t Duration of test usually 24 hours or longer. 

Aerated neutral or near-neutral chlorides can pit stainless steels, a fact which might 
be expected because their oxidation-reduction potentials are within the critical range. 
Pitting is less pronounced in rapidly moving aerated solutions as compared with 
partially aerated stagnant solutions. The flow of liquid canies away corrosion products 
which would otherwise accumulate at crevices or cracks. It also insures uniform 
passivity through free access of dissolved oxygen. Data illustrating the effect of 
velocity to reduce rate of pitting of stainless steel in sea water are given in 
Table 17, p. 414. 

Pitting rate increases with temperature. In 4 to 10% NaCl solutions, a maximum 
weight loss produced by pitting is reached at 90° C (195° F), and for more dilute 
solutions at still higher temperatures. At the boiling point, however, no pitting is 
known to occur regardless of NaCl concentration. Oxygen is expelled and conditions 
no longer exist for passive-active cells. In practice it should be emphasized that 
conditions of complete oxj'’gen exclusion by boiling can be depended upon only with 
exercise of special precautions. 

Pitting diminishes with increase in alkalinity. In aerated 20% NaOH at 90° G 
(195° F), 18-8 and Mo 18-8 (type 316) did not pit in 24-hour tests varying the NaCl 
concentration from 0 to 10%. Some weight loss occurred (2 to 18 mdd).^ It is also 
reported^ that addition of 1% NaoCOs to refrigerating brines avoided pitting of 18-8 
in sendee 2 to 5 years.Tn solutions of concentrated alkali, it is questionable whether 
serious pitting w'ould ever occur, because potential measurements prove that passivity 
is destroyed.*^ 

The effects of temperature, concentration, and pH on w’eight losses and pitting 
of 18-8 (type 304) in aerated NaCl solutions above room temperature are shown 
in Figs. 1 to 4. The number of pits increases with temperature although W'eight losses 
go through a maximum, indicating that pits formed in the higher temperature range 
become smaller. The number of pits also rapidl 3 '^ increases with NaCl concentration, 
the tendency being toward more uniform corrosion at the highest concentrations. 
Pit depth in 4% ,NaCl is greatest at pH = approx. 7. 

* Passivity as defined by galvanic potential. See Passivitu, p. 21 

^ H. L. Fober, T?ics{s, Massachusetts Institute of Technology, Cambridge, Mass., 1939. 

^ P. Sohafmeister and W. Tofaute, Tech. Mitt. Krupp, 3, 223 (1935). 

* H. H. Uhlig, Trans. Am. Inst. Mining Met. Engrs., 140, 3S7— 404 (1940). 
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Factors within the Metal 

Pit nuclei have numerous sources. They occur through minor alloy components 
or impurities, or through heat treatment or mechanical work. Whether or not they 
develop into pits depends mainly on the environment. Their exact nature is largely 
unknown. 



CHLORIDE CONCENTRATION EQUIVALENT TO 4 % NaO SOLUTION 
Pig. 3. Dependence of Corrosion of 18-8 on pH of 4% Salt Solution at 90° C (194° F). 

Segi'egation accompanying cooling of the melt introduces pit nuclei, which are 
eliminated in part by long-time annealing followed by rapid quenching. This is 
illustrated in Fig. 5, showing weight losses in ferric chloride of low-carbon 18-8 alloys 
with or without nitrogen in alloy solution.^ The number of pits approximately 
parallels weight loss. 

Heat treatment of a homogeneous alloy at intermediate temperatures also increases ^ 
the number of pit nuclei. These terriperatures appear within the region that induces 
carbide precipitation resulting in intergranular corrosion. However, pit nuclei can 
form apparently independent of carbon. A titanium-stabilized 18-8 heated at 600° C 
(1110° F) for 112 hours corroded in ferric chloride by pitting, approximately ten 
times more than the same alloy quenched from 1100° C (2010° F),® and the same 
behavior was noted for a pure 18-8 (0.001% carbon) composed of electrolytic metals 
and melted in vacuum, also heat-treated at 600° C (1110° F).T The nuclei, therefore, 
are not carbides per se. Addition of 0.24% nitrogen^ to a pure 18-8 indicated that 
nitrogen, likewise, was not responsible. 

a-Phase (body-centered cubic) or ferritic 18-8 corrodes at the same rate as does 
7-phase or austenitic 18-8 (face-centered cubic) according to weight losses in ferric 
chloride, sodium chloride, and the salt spray, the former structure, however, having 
somewhat greater tendency to form pits in ferric chloride. Some a-phase in 7-phase 
18-8 appears to confer a slightly greater tendency toward pitting^ in ferric chloride. 

Titanium and columbium in 18-8 increase pit nuclei in ferric chloride but not as 

® H. TI. Uhlig. Trans. Am. Soc. Metals, 30, 947-980 (1942). 

® H. H. Uhlig, unpublished observations. 

^ H. H. Uhlig, Trans. Am. Soc. Metals, 30, 963 (1942)- 
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Oxide and silicate inclusions have seemingly little effect on pitting compared with 
the elements above. 

Polishing, either mechanical or electrolytic, somewhat reduces the number of pit 
nuclei but the pits which form, because they are fewer, tend to be larger. 
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^ 2.400 


1,800 


1,200 


600 


0 

As Cost 2 Hours 50 Hours 
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Fig. 5. Effect of Heat Treatment, Followed by Water Quenching, on porrosion of Ferritic 
and Austenitic 18-8 in 10% Ferric Chloride. 
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Effect of Mechanical Work. Severe cold work increases pitting of 18-8 in ferric 
chloride.® Data of Table 2 show that Steckel Mill 18-8, a severely cold-worked strip, 
also corrodes more than annealed 18-8 in 10% FeCl3-6H20 and in 4% NaCl at 90° C, 
but not by the same factor in sea water. 

Hot rolling serves to concentrate most of the nuclei at edges of the sheet. This 
may be caused by exposed impurities, but more likely is due to orientation of grains 
in such a manner that crystal faces normal to the edge corrode more than those 
parallel to it. A perfect cylinder cut from a rolled sheet still pitted predominantly 
at the original edge. Annealing, on the other hand, tended to reduce the ratio of edge 
pits to those on the sheet surface.® 


* John Wulfl, Progress Report 3 to Chemical Foundation, Corrosion Committee of Massachusetts Insti- 
tute of Technology, 1937. 

® H. H. Uhlig and RI. C. Morrill, Ind. Eng. Chem., 33, 876 (1941). 
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Tablr 2 CORROSIOV RATES OF VARIOUS STAINLESS STEELS IN 
LABORATORY TESTS AND SEA WATER EXPOSURE* 

MDD 


(Mill Surface Pitting Occurs m AH *tpecimenA Except as Noted) 


Stainless Steel 

1 Sea U aler ttnmeraion 1 i 
1 Year Boatoo Harbor 
Cpec 77 X 128 X 

0 3o cm (3 X o X M 
10 ) Badly fouled at 
end of lest (A\ of 5 
Spec ) 

1 4% NnCl 00®C±0 1 

1 34 hour Immersion 

I Aerated 40-75 ml air 

' per min L aoln 

«5pe« 2 J X 12 8 X 

030 cm (1 X5 X 14 
ID > (A> of 2 or 3 
Spee ) 

! 

10 'll FeCb GHjOt 4- 
1 Hour Contact Room 
Temp Area of Spec 
Exposed 3 74 gq cm 
(0 89 eq in ) (Av of 
2 or more spec ) 

18-8 3% Mo 

0 013 (no pits) 

2 84 (no pits) 

2 I (oopiu) 

18-8 




Manufacturer A 

2 08 

4 83 

570 

B 

1 84 


820 

C (Steekel 

2 76 

28 2 

5 620 

miU cold rolled) 




18ri)Cr 

3 34 

38 3 (1 spec > ' 

6120 

18S 02%Ti 

0 73 

4 4 

8 540 

18-8 04*^ Ti 


3 5o 

16000 

18-8 09'^ Cb 


7 45 1 

4200 

Vlild iteel (abraded i^lSO 

13 6 (no pits) 

86 0 (do pita) 


•meryl 





* Bued on Pre^roj Report o to CbemKot FoandM on CoT&nuttoo ol ^!uBMbIuett• Inatitpte 

of TcehaologF 193S and also uapubl shed data of the author 

t UaiDg Drop Teater K A Smtcb Fro^tss Report 2 to CbotnXfd Fouadatioo Corrosion ComauttM 
of Mosaoebuoatta Iwtituts of Tachootogy 1930 


Table 3 AWLVSES OF STAINLESS STEELS IN TABLE 2 


Sioialess Steel 

Cr 

Nj 

C 

Mn 


3 

F 


18-8 3% Mo 

18-8 1 

20 92 

9 7o 

0 06 

0 40 

0 36 

0 02 

0 014 

2 90% Mo 

A 

18 7o 

10 &> 

0 06 

0 41 

0 41 

0 01 

0 009 


B 1 

IS 00 

9 66 

0 07 

0 38 

0 2a 

0 01 

0 DOS 


C 

IS IS 

8 20 

0 09o 

0 4a 

0 40 

0 O'* 

0 018 


(Steekel Mill) 1 
18‘“oCr 

17 90 


0 09a 

0 4a 

0 40 

0 02 

0 018 


18-8 0 2% Ti 

17 92 

8 97 

0 09 

0 48 

0 45 

1 0 01 

0 016 

0 21^X1 

IS-8 04‘*o Ti 

IS 6 

8 8 

0 0> 

0 36 

Oil 

0 00'» 

0 02 

0 36^Ti 

18-8 0 9% Cb 

7 9S 

9 4 

0 07 

0 00 

0 6a 

1 0 006 

1 0 02 

0 8e%Cb 


CONTACT CORlIOSION 

This 13 corrosion produced it the region of coAtact of u^uallj non-metallic materials 
trith pasaite metais It ii aLo called cretice t-orro ioa*° It maj occur at tva her®, 
under barnacles sand grama or applied protecti'C films, and at, pockets formed by 
threaded joints W hether or not Mainless «teela are free of pit nuclei they are alwajs 
"U'Ceptible to this Lind of corrotion becau e a nucleus is not nces«arj 

Contact corro'ion ma 5 begin through action of an ox>gen concentration cell The 
accumulation of passnity-destrojing corrosion products at stagnant areas soon 
com ert the cell to a more rapidl> acting passne-active cell Corrosion then proceeds 
by a mechanism identical to that described aboie for pit growth Contact corrosion 
of stamlesS «teeL is di cussed further beginning P 155 

E H Wyebe E. R. VcAgt and F LaQue Tram Etetiroehem Soc^ BS 149 (1946) 
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METHODS TO AVOID PITTING IN STAINLESS STEELS 

According to theoiy and confirmed in large part by experience, the following 
expedients are recommended to reduce pitting. The approach is either from the 
environment or the metal. 

Environment 

1. Avoid concentration of halogen ions. 

2. Insure uniform oxygen or oxidizing solutions. Agitate solutions. Avoid pockets 
of stagnant liquid. 

3. Either increase oxygen concentration or eliminate it. Increasing oxidizing 
capacity of the solution augments passivity and resistance to attack. 18-8 in 3% 
H2SO4, through which hydrogen bubbled (18-8 not passive), corroded at a rate 
of 400 mdd, but at only 1/100 this rate when saturated with oxygen (18-8 
passive). On the other hand, elimination of oxygen avoids passive-active cells, 
for example in salt solutions. 

4. Increase pH. Appreciably alkaline chloride solutions pit less or not at all 
compared with neutral or acid chlorides. 

5. Operate at lowest temperature possible. 

6. Add passivators to corrosive medium. A small concentration of nitrate or 
chromate is effective in many media. Ferric sulfate and copper sulfate are 
examples of passivators for stainless steels in sulfuric acid, but when used 
halogen ions should be absent. 

7. Apply cathodic protection. There is evidence that stainless steels protected 
cathodically by galvanic coupling to steel, aluminum, or zinc do not pit in sea 
water. (See Behavior of Metals and Alloys in Sea Water, p. 416.) 

The Alloy 

1. Homogenize. Rapidly quench from 1050° to 1100° C (1900° to 2000° F). 

2. Treat final article in 10 to 20 vol. % cone. HNO3 at 55° to 60° C (130° to 140° F) 
for 15 to 30 min. This process, called passivation, helps remove latent pit nuclei. 
A more active pickle for removing light oxide scale may precede this treatment. 
It consists of 10 vol. % cone. HNO3, 1 to 2 vol. % HF, at 50° to 65° C (130° to 
150° F) . The latter mixture is especially corrosive and the fumes are irritating. 
Ventilation is imperative. 

3. Cleanse and burnish surfaces periodically. This will help avoid contact corrosion. 
Alkaline cleaners and stainless steel wool are satisfactory. 

4. Use alloy containing 2 to 4% molybdenum (type 316 or 317). Mob’bdenum 
added to nickel-stainless steels marked^'' reduces tendenc3’- toward pitting in 
chloride solutions (see Table 2), although in sea water, for example, pitting 
eventuallj' may occur (within 2 to 2Vz j'ears).^2 Tjjig steel (type 316 or 317) is 
also appreciablj"- more resistant than 18-8 (type 304) to reducing acids and to 
contact or crevice corrosion.* 

* In a study of cre\nce corrosion in sea water this sort of attack occurred on type 304 specimens in 95 
oases out of 200 (4S%), whereas with the type 316 alloy exposed under the same conditions it occurred in 
only 11 cases out of 48 (23%). (Pri%'ate communication from F. L. LaQue, International Nickel Co., New 
York, N. Y.) 

" R. McKay and R. Worthington, Corrosion Resistance of Metals and Alloys, p. 297, Reinhold Publishing 
Corp., New York, 1936. 

F. L. LaQue, (Discussion) Trans. Am. Soc. Metals, 27, 524 (1939). 
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STRESS CORROSION CRACKING IN STAINLESS ALLOYS 
M A ScHElL* 

References cohering observations of the behavior of stainless alloys in several 
corrosive environments record that stre s can can e propagation of cracks (1) inter 
granularly (2) mtergranularly and transgranularlj and (3) wholly tran'granularly 
This type of attack is now receiving widespread recognition because of its possible 
industrial implications wherever stainless alloys arc applied but in general the 
recorded cases of failure are surprisingly few in number 
Intergranular corrosion has been uccessfully and adequately av oidcd in practice 
by high temperature anneal followed by rapid quench to control harmful carbide 
precipitation as well as by use of stabilized types of austenitic alloys such as those 
containing coiumbium (type 347) and titantum (ty-pc 321) (Refer to discussion of 
intergranular corra ion p 161 ) Comparable theory and understandmg of trans- 
granular cracking do not ex «t however nor do methods for controlling it other 
than by «tress relief annealing and limitation of applied stre««cs where the nature of 
the corrosive medium makes this neccs-ary Study of stress cono'sion cracking of 
the tramgranular type is handicapped because of our inability to define completely 
the characteristics of corrosive media which can cause it This situation is not peculiar 
to stainle s steels but extends to all matenaU susceptible to stress corrosion cracking 
Figures Id. and IS illustrate the path of rupture in two molybdenum bearing 
18% Cr-S% \i alloys that were «ubjcct to stress and corro..Me conditions in an oil 
refinery The active corro ive component of the ga«obDe vapor in this lo-tance was 
suspected to be a «mall concentratioa of HCl or hvdrolyzable chlorides Figure Id 
«hows the intergranular «eparalioii and Fig IB the tran. granular reparation of the 
alloys expowcd similarly In both cases failure was localized in the area being strcvred 
Aqueous acid chloride solutions appear to be the most active media in producing 
tran«granular cracking of «tre« cd austenitic stainless steels Also ethy 1 chloride con 
taming water is reported to be effective above room temperature^ However neither 
chloride ion nor an acid environment is a necessary condition since tran’^granular 
failures have been recorded m acid sulfite cooking liquors where there very likely 
were no appreciable concentrations of chlorides and in a caustic soda solution at 
350* C (660* F) imder pressure 

ACCELERATED TESTS 

Many accelerated te^ts have been devi'^ed to study the effect of stress in producing 
tran«granular cracking of the austenitic alloys A solution containing approximately 
42% MgCI (bared on anhydrous «alt) boiling at 154* C (309* F) is an effective 
accelerant This solution caures transgranular crackmg m almost all the austemtic 
alloys sufficiently stressed regardless, of whether they are stabilized or previou Ij 
heat-treated to resist intergranular attack 

Testing Solution 

A test which has received some study consi«ts of total immersion of the stresred 
specimen m a boiling refiuxcd solution of 42% MgCl"* PyTex flasks are used as 
containers with 100 ml of solution per sq m of «tamless 'Jteel The same solution has 
been used for a continuous period of 300 hours TV hen the extent of contamination 
•A O Smith Corporati3D MJwauVee Wia 

* J C Hodge and J MiUer Stress Common of the Auitenjt c Chrom um Is ckel Steels 

and Its Industr al Impl cat one Tram Am Soe iletaU 28 25-82 <1040) 
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by corrosion products reaches 20 mg of stainless steel for each 100 ml of magnesium 
chloride, the rate of attack increases to about four times normal, and the con- 
taminated solution should be replaced with a fresh solution. 



Fig. 1A. Intergranular Stress Corrosion Cracking. ( X200.) 



Fig. IB. Transgranular Stress Corrosion Cracking. ( X200.) 

Fig. 1. ‘ Types of Failure in Two Stressed Mo 18-8 Specimens Exposed to Vapor of Straight- 
Run Gasoline Containing Corrosive Constituents at 190° C (375° F) and 95 Psi Pressure. 
Type of specimen: Horseshoe (similar to Fig. 7, p. 1013). 

Analysis op Allots 


A.I.S.I. Type 

Cr 

Ni 

C 

Mo 

Mn 

-Si 

317 

18.77 

13.35 

0.08 

3.11 

1.67 ' 

0.41 

316 

17,43 

12.76 

0.07 

2.79 

1,39 

0.33 


Preparation op Test Specimens 

The test sample assembly should incorporate a simple means of applying stress 
to a specimen. The horseshoe bend (see Fig. 7, p. 1013) or the beam or cantilever 
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(ece Fig 2) 'haped specimens offer a comenient size to test and stress can be 
indicated b> means of a wire resistance strain gage Such specimens can be readily 
heat treated surface poll hed or pickled prior to slreoaing 



STRtSS RUPTURE CUfWe STRESS STRAIN CURVE 


Flo 2 Stress Rupture Cun e for Cb Stabilized 18>S (Insert Beam type test specimen ) 

Examevatiov of Specimens 

At frequent intenal depending upon the 8tre«3 intensity, the specimens are 
remoted from the boiling MgClj nashed m tap water, dned and examined on the 
stressed «urfaco with a hand lens or under the binocular microscope for superficial 
cracks The time to produce the first appearance of a surface crack is recorded and 
the test j3 continued until the 'pecimen fails, or until it is decided that the crack is 
superficial This is important in the study of surface finish as it has been found that 
with poli'hed surfaces cold work produces a typical stress crack m short exposure 
which does not propagate as the test is continued 

Threshold Stress fob Stress Corrosiov Cracking 

In order to am% e at «ome concept of the effect of stress on stress corrosion cracking 
in the 42% MgClj solution duplicate sets of stressed beam specimens were fabricated 
from tj pe 347 stainless steel sheet 028 cm (%j m ) thick and after machining were 
heat treated at 870° C (1600° F) for 2 hours Each specimen was pickled and duplicate 
«et5 were strained to the stress lalues shown by the stress strain curve^The highest 
ctre^ was below the yield strength for 02% off et Figure 2 shows the results m the 
form of a stress rupture cun e It is obnous that the limiting stress is below 20 000 
P"! Figure 3 'hows the fractured specimens of each test superimposed upon a diagram 
showing the \ alue of stress at the point of rupture It b. noted that failure does not 
always occur at tlie point of maximum stress but always occurs on the tension surface 
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Stbess Corrosion Cracking in Tubing 
The Mgpk test has been used to determine the harmful effects of residual stresses 
causing stress corrosion cracking in tubing. Figure 4 shows examples of cold-drawn 




Fig. 4. Stress Cracks Produced by High Longitudinal and Hoop Stresses in Cold-Drawn 
Types 347 and 316 Stainless Steel Tubing. ( X3.) 


tubing after immersion for 7% hours in boiling 42% MgCl 2 . The tube exhibiting the 
spiral cracking was found to have a higher longitudinal than hoop stress. The tube 
showing longitudinal crack was found to have a higher hoop than longitudinal stress. 
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Table 1 EFFECT OF HEAT TREATMENT ON STRESS CORROSION 
CRACKING OF STAINLESS STEEL TUBES IN BOILING 42% MgCl* 


Heat Treatment of Tube. Specimen 

Calculated Iteeidual 
Strese 


1 

"C "F 

Tune in Roura 

Stress, pet 

LoDgltU- ^ 

Stress, psi ^ 

Hours to Show Cracking 


Type 347, Full Hard Tubing IBo COO pai teuile atrenstb 
C Mn Cr Ni Mo Cb 

0 Qj% 1 50% 18 86% 10 74 % 0 08% 0 88% 


None full hard i 


46,200 1 

69 000 , 

7li 



None, half hard* 




6 



MO” 

1000* 1 

24, air*cooled 



714 



6o0® 

1200* 

a ■■ *• 



22 



650" 

1200* 

a •• “ 



UH 



740" 

l37o" 

H • •• 

1850 

8 450 

243 (I small crack) 



740" 

1375* 

yi furnace-cooled 


1 

202 (1 small ersek) 

Failure 

870* 

1600* 

H air-eooled 



>202 

No cracks 

870* 

1000* 

H furnace-cooled 



>202 

1 

870* 

1600* 

24 aircooled 



>292 

t 


Type 31C, H bard tubine, 114,600 pei 4e&ede ettentlb 

C Mn Si Cr Ni Mo 

0 0o% 1 42% 0 48% 17 00% 10 i>% 2 76% 


None, a Hard 


52,500 

20200 

7H 



None, Mill annealed 







and ttraightenedt 


17,000 


7« 



540* 

1000’ 

24 air-cooled 

44,500 


7k» 



6oO" 

1200’ 

H " 

39,100 


7h 



660’ 

1200° 

8 • 



Itii 



740’ 

l37o* 

H *' " 

26 700 


22 



740’ 

137o’ 

H furnace-cooled 

23,100 


22 



740’ 

I37o* 

8 ur-cooled 



22 



790° 

1430° 

H " ‘ 

10 400 


21 

Failure 

845° 

1530° 

M •• 

3,600 


>240 

No 

crsrV. 

870“ 

1600° 

\4 

3500 

8300 

>292 


870° 

1600’ 

furnace-cooled 



>292 


870° 

1600’ 

24, air-cooled 



>292 



* 133 100 psi teiuile strength 
1 91,800 psi tensile strength 


Heat treatment at 870" C {1600* F) was >erj' effective in removing residual stress 
causing strc.s.s corrosion cracking m this solution, as stress calculations and data ol 
Table 1 show It appears from this information that the threshold stress for trans- 
granular cracking is low, and probably of the order of 10/100 to 20,000 psi hoop stress 


Accelerated Tests of Various Allots 

Several compositions of stainless allojs were fabneated mto horseshoe specimens 
and tested in the boiling MgCI* solution The data from several of these tests are 
shown in Table 2 They do not represent & systematic exploration of each alloy 
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tested, but serve to show that the MgCl2 solution cracks some of the austenitic alloys 
more than others. Some fenitic stainless alloys are included in the senes. The table 
shows several alloj^s that ^vere tested witli pickled and polished surfaces. 

Stainless steels of types 309, 310, 316, 321, 329, 347, the 20% Cr-24% Ni-3% 
Mo-3% Si-1.75% Cu alloy the 23 Ci-13% Ni-1 5% Mo-1% Cu alloy, and the 
16% Ci-27% Ni-3.7% Mo-1% Cu alloyt wdth polished surface showed cracks. Of 
these, types 309 and the 20% Cr-24% Ni-3% Mo-3% Si-1 75% CiC alloy did not 
fail in the peiiod of the test. The 15% Cr-35% Ni alloy, the 13% Cr-6 5% Fe-79 5% 
Nit alloy, and the 14% Ci-17% Mo-6% Fo-56% Ni§ alloy did not crack or fail in 
the polished condition. In Fig. 5 are shown some of the polished specimens that 
failed and the duplicate specimens with pickled surfaces that did not show stress 
cracks or failures. 


Type 321 



Pickled Polished 



^672 hours 192 hours^ 
30,000 psi 



672 hours 48 hours 

^ 

40,000 psi 


Type 310 

^ K 

Pickled Polished 



40,000 psi 


Pig. 5. Stress Corrosion Cracking of Stainless Steels in MgClj. (Pickled surfaces did not 

crack.) 

These brief remarks are offered as observations of the experiments that were 
conducted and are being continued to learn moie about the mechanism of stress 
corrosion cracking. It is difficult in our present state of knowledge to offer any 
definite safe stress values for purposes of engineering design The safest procedure 
to follow is to study individual cases with a series of stressed specimens and determine 
the acceptability of the fabricated alloys to the service conditions. When the con- 
templated application involves a corrosive environment similar to magnesium 
chloride, the boding MgCk test may be a valuable tool to determine susceptibility 
to transgranular failure. 

* Worthite t Durimet T. t Inconel § Hastelloy C. 
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GENERAL REFERENCES (STRESS CORROSION CRACKING 
IN STAINLESS ALLOYS) 

Hodge J C andJ L. Miller Stress CorroeionCniiekine of the Auatenmo Chromium Nickel Steela and 

Its Industrial Implications Tram Ant Soc Mtlal* 28 2;>-S2 (1940) 

Horr S L and M A Scheil StressCorrosionCraekinsinAuateniiicStainlessSteels Tram Am Soc 
Vetala 27 191 226 (1039) 

ScseiL M A and R A Hosebt Stress Corronon Cracking of Austemtic Types 347 and 316 Supple* 
meat J Am JVeUitng Soe (August 1944) 

ScBEiL MAO Zmeskal J TIaber and F Stockbsusem First Report on Stress Corrosion Cracking 
of Std niess Steel in Chloride Solutions Supplement J Am KeUltna Soc (October 1943} 

Sympoatunt on Siresa Corrosion Crackins of UtbUa {1944) Amencan Society for Testing Materials and 
American Institute of Mining and Metallurgieal Engmeers Pbiladelp) la nod New \ork 1045 
Elus O B Some nsamptes of StreesCoreoaiQn CtackioR of Auateciiiie Staialess Steel p 421 
Fbavks R W O Binder and C M Drown The Suseeptibil ty of Austenit c Stainless Steels to 
Stress-Corroa on Cracking p 411 

Fraser OBJ btttss-Corroeiun Craelutig of Nickel and Some Nickel AUo^s p 4o8 

Scheil M A Some Observations of Stress Corrosiou Crack ng m Austenitic Stainless AIlO}^ p S9o 


16% CHROMmM-2% NICKEL STAINLESS STEEL 
W O Binder* 

The martensitic stainless steels containing 11 5 to 13% chromium and 008 to 0i5% 
carbon respond to heat treatment much the eame as phin carbon and low alloy steels, 
and are hardened to a high degree b> <)uenching from cle%ated temperatures 
Although the mechanical properties of these stcel» are excellent under certain con- 
ditions of exposure they are deficient m corrosion te istance Increasing the chromium 
content 16 to 18% improves their re i«tancc to corro,ijon but at the same time 
decreases their capacity to harden approciabI> on quenching The hardening charac- 
teristics of the 16 to 18% chromium Meela may be improved by raising the carbon 
content but not without lowering the corrosion re«i tance 

A better solution is to use 1 to 2% nickel, since small amounts o! mckcl increase 
the hardening capacitj of the low carbon 16 to 18% chromium steeU without 
detrimentally affecting theif corro ion resistance This alloj which is generally 
known as the 16 2 steel and has the A I S I de ignation of type 431 stainless «teel 
is made m this country to conform with Army Kay^ Aeronautical specification 
AN-QQ-S-770 The requirements of this specification are lifted m Table 1 A 
similar steel is made in Great Britain under the trade name Twoscore The British 
Air Mini try has de ignated this alloy a^ S-SO and the steel made in accordance 
with tfie requirements of the Bntish S^tandardk Institution wfiicfi are also listed* in 
Table 1 la Great Britain the steel has been u e<i extensn ely for structural parts in 
seaplanes and fly mg boats because of its high strength and toughness coupled with 
good corrosion resistance 

The addition of 2% nickel to steels contammg 15 5 to 175% chromium increases 
the amount of austenite formed in these steels when heated to eleiated temper- 
atures 1 It is necessary howci er to heat the 16% Cr-2% Ni steel considenbh above 
its upper critical range to obtain full transformation and complete homogenization 
These steels do not transform completely into auiitenite at elevated temperatures 
because of their high chromium content and a certain amount of ferrite remains 
in the hardened structure In wrought metal the e stringers of femte hav e a laminated 

* Union Carbide and Carbon Research Z^borafanes Inc Niagara Falls N V 

*M E Tatman The Iron Age 162 (No 19) p 70 (Mayl! 1944) 
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Table 1.- SPECIFICATIONS FOR 16% Cr-2% Ni STAINLESS STEELS 


Chemical Composition, % 

AJ^*-QQ~S— 7 / 0 
(U. S. Government) 

S-80 

(British Standards Institution) 

Carbon 

< 0.15 

<0.25 

Phosphorus 

< 0.04 

.... 

SuHur 

< 0.04 


Sihcon 

0.2-0. 6 

<0.50 

^langanese 

0.3-0.8 

<1.0 

Chromium 

15.5—17.5 

16-20 

Nickel 

1. 5-2.5 

>1.0 


Hardened 



Jlechanical Properties 

and 

Annealed 



Tempered 



Tensile strength, psi 

>175,000 

>115,000 

>123,200 

Yield strength (0.2% offset), psi 

>135,000 

> 90,000 

.... 

Elongation in 2 in., % 

> 13 

> 15 

> 15 

Izod impact, ft-ib. 

> 35 

> 60 

> 25 

BrineU hardness 



> 241 


appearance and are general^' elongated in the direction of final working. There is 
sufficient transformation, however, to increase the hardness, strength, and toughness 
of the steel beyond that of a similar steel without nickel. 


GENERAL CORROSION PROPERTIES 

. Although specific corrasion data for the 16% Cr-2% Ni steel are meager, sufficient 
information has been procured to show that imder reducing or weakly oxidizing 
conditions, its corrosion resistance is onlj' slightly superior to that of plain chromium 
steels of similar chromium content, whereas under strongly oxidizing conditions, such 
as in nitric acid (Table 2),- its corrosion resistance is slightly inferior. Because the 
two steels are similar with respect to corrosion, both service test and laboratoiy- 


Table 2. . RESULTS OF TESTS IN BOILING 65% NITRIC ACID ON 
16% CHROMIUM STEELS 



%Cr 

%Ni 

%C 

%Mn 

%Si 

Steel A 

16.64 

.... 

0.12 

0.63 

0.52 

Steel B 

16.60 

2.05 

0.11 

0.56 

0.43 


Corrosion Rate, ipy 


Condition of iletal 


Oil-quenched from 950° C (1740° F), 
reheated 2 hr at 700° C (1290° F), and 
air-cooled. 


Period, 48 hr 


each 


16% Cr 16%Cr, 2%Ni 
Steel A Steel B 


1st 

2nd 

3rd 


0.040 

0.042 

0.039 


0.062 

0.069 

0.065 


Oilquenched from 950° C (1740° F), 
reheated 3 hr at 300° C (570° F), and 
air-cooled. 


1st 

2nd 

3rd 


0.047 

0.055 

0.060 


0.052 

0.055 

0.058 


* Unpublished data from the Union Carbide and Carbon Research Laboratories, Inc., Nia<^ara Falls 

N. Y. 
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m 

eorro ion data for plain 16 to 18% chromium steels maj be =afelj used as a guide 
for appljing the 16% Cr 2% \i steel m ^anous corro ne eOMronments 
Accord ng to atkin* 3 16% Cr 2% Ni steel showo perfect rc.ei:5tance to tap water 
alter oOO hours ol expoure and t. oni> corroded bj salt-^praj atmosphere 

m 100 hours of expo ure In the^ te^ts hardened 16% Cr 2%\i steel was more 
resistant than the annealed «tccl The appearance of the samples after the«e te^ 
i ahown in Fig 1 and In «aU pra> atmosphere 16% Cr 2% \i «teel has a greater 



Fig I 10% Cr *»% Ni *‘teel after oOO Fic 2 16% Cr 2% \i Steel after 100 

Hours Running Tap 11 ater (ISatkuia) Hours i% ®a!t-Spray Atmosphere 

(IVatlaos) 


tendenc} to pit than 1S% Cr-S% Ni teel when the expo-urc lime b extended beyond 
oOO or more ho ir- Monjpenn\*< conducted sea water fpmj te^ta on a eeneo of 
chrom um «teela tl at included the lC%Cr 2% \i tj*pc The tC'ta lasted 85 daj 
during which time the «amplG5 were expo«ed to spraj for 8 hours m each daj and 
for 5 da>« m the week The remainder of the time the fpra> was cut o5 and the 
«ample6 allowed to land in the moi turc*laden atmosphere These te&ts ^xelded the 
results gn en in Table 3 


Tabix 3 '!EA WATER SPRAT TESTS OV Cr AXD Cr Ni STAI'JLESS 
STEELS 

Area of sample — "o eq cm. 
tVeifit c/ tample —^^graniB. 

Condjt on of nirface — not stated 

Durat on of test — 88 days 4(ll)-hr spraying t me. 


(^Tnpo«it on, % 


RemarLs 

C 

Cr 

\ 


0 S'* 

I’ 7 

0 4Q 

Q l"9 

Badly p tied 

0 0" 

13 S 

0 39 

0 Oto 

P tied 

0 09 

17 8 

0 P 

0 031 

Pitied le<a than low-carbon steel containing 13 8% chroraiuio 

0 OS 

20 7 

0 23 

0 OOP 

^ gbtly p tied 

0 OS 

1 0 

2 lo 

0 0I7» 

X eiy digfatly p tied 

0 15 

1 4 

I 62 

0 019 

Sightly p tied 

0 12 

IS 0 

8 2 

\ I 

M mite p ts just Tisible 


Mompennv* al o completed immersed samples of J6%Cr2%‘\i ^teel and 
high-carbon 12% chromium cteel m fga water for cQ weeks and found weight losses 
a., indicated by Fie 3 It will be noted that for the 16% Cr 2% “Ni steeL the'e tests 


*S P Watlans, Metal Progrtti 44 99 (1913) 

* J H. G Slonypennj Sla nUt* Iron and Sel 2aA Ed. Chapman and TTuT l, London, 1931 
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do not show any significant differences between the corrosion resistance of samples 
in the hardened and in the annealed condition. Owing to the extra resistance to salt 
water, combined with good hardness, the 16% Cr-2% Ni steel has been used suc- 
cessfully for valve parts and pump rods, in handling hot and cold brines. 


930 1020 IMO 1200 1290 



Pig. 3. Effect of Heat Treatment on Resistance of 13% Or and 17.5% Cr-2% Ni Steels to 
Sea Water. (Monypenny.) 


Curve % Carbon 
A 0.30 

B 0.20 

C 0.09 


% Chromium 
12.6 
17 4 
17 9 


% Nickel 
0.78 
2 19 
2.08 


While the 12% chromium steel has sufficient resistance to both corrosion and 
erosion in steam, some pitting is encountered when the steel is required to operate 
in contact with graphite and asbestos packing materials. Under such circumstances 
pitting is less likely to develop with the 16% Cr-2% Ni steel ; hence it is especially 
useful for valve seats and spindles of steam valves. Galvanic corrosion caused by 
contact with copper-base alloys while in the presence of an electrolyte has also been 
troublesome in the case of the 12% chromium steel.^ Increasing the chromium content 
of the steel gives very much greater resistance to this form of attack, and, according 
to Monypenny,® 16% Cr-2% Ni steels have shown no signs of conosion after 6 
months of contact with bronze while immersed in sea water. Under similar conditions 
the 12% chromium steels were distinctly attacked within a few days. 


Effect op Tempering 

The influence of tempering on the corrosion resistance of the martensitic chromium 
steels has been studied by Monypenny.® His tests showed that tempering in the range 
of 500° to 600° C (930° to 1110°!') after hardening reduces the conosion resistance 
of the cutlery grade of stainless steel (Fig. 3) with less effect on the lower carbon 
steels of higher chromium content. Tempering the 16% Cr-2% Ni steel in the range 
of 400° to 500° C (750° to 930° F) should be avoided, however, as this range of 
temperatures reduces the toughness of the steels and decreases corrosion resistance, 
as shown in Table 4. 

^ R. Barnaby, The Booh of Slainless Steels, 2nd Ed., Chapter 12F| p. 347, edited by E. Thum, The Ameri- 
can Society for Metals, Cleveland, Ohio, 1935. 

* J. H. G. Monypenny, Stainless Iron and Steel, 2nd Ed., Chapman and Hall, London, 1931. 
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Oil-<juenehcd from OdO*C (1710® D hen 



Table 5. TENSILE AND CORROSION PROPERTIES OF HIGH-NITROGEN 15 TO 17% Cr-2% Ni STEELS 
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Effect of Added Nitrogen 

Exceedinglj high ctiength can be obtained in 16%Cr-2%Ni steels with added 
nitrogen, which would otherwise be obtainable onl> by an increase in carbon content 
Nitrogen'^ effectnelj reduces the gram size and improves the forgeability of these 
steelj =Q that thev can be fabucated more readilj The good mechanical properties and 
corrosion resistance obtainable m the I6%Cr-2%Ni type of steel relatively low in 
carbon and high in nitrogen aie given in Table 5 As with the high-carbon low-nitrogen 
oteeU, tempering in the range of 400® to SOO® C (750® to 930® F) should be avoided, 
but the low-carbon high nitrogen steels are somewhat less affected by salt spray than 
the high-carbon steels when tempered in this range 


CHROMIUM-MANGANESE AND CHROMIUM-MANGANESE- 
NICKEL STAINLESS STEELS 
■RussELt Franks* 

Other than nickel manganese represents the only common metal addition to 
stainless steels permitting retention of large proportions of austenite on rapidly 
cooling the alloy from elevated temperatures Substantially austenitic stecU have been 
obtained in alloys of about 18% chromium 5% manganese, and 6% nickel, with and 
without small copper additions Work in Germanv and al-o m the United States, 
has shown that fully austenitic low carbon content steeU are obtained with chromium 
in the range of 12 to 15%, and manganese m the nngc of 16 to 20%, a typical steel 
being one containing about 13% chromium and 16% mangane'e As with the aus- 
tenitic Cr-Ni Steels, the corro'ion resistance of the Cr-RIn and O-Mn-Ni steels 
reaches a maximum when the steels are annealed by rapidly cooling them from 
the range of 1050® to 1100® C (1900® to 2000® F) 

MECHANICAL PROPERTIES 

TyTical mechanical properties are submitted in Table 1 Thc«e data are represents 
tive of the steels m the annealed condition, and reveal that they are comparable m 
strength, ductilitv’, and toughness to the austenitic C^-Ni steela 

Inasmuch as Cr-Mn and Cr-Mn-Ni steels arc largely auatemtic m character, their 
strength can be greatly' increased by application of cold work 


GENERAL CORROSION RESISTANCE OF THE ANNEALED STEELS 
The corro«ion resistance of the Cr-Mn and Cr Mn-Ni steels is behev ed to be due 
to the presence of a passive film that forms on their surfaces during exposure to 
oxidizing conditions (See Passivity, p 21) The Cr-Mn steels are not so corrosion 
resistant a* the 18% Cr-S% Ni steel, but in general they are more corrosion resistant 
than plain chromium steels of the same chromium content 
The same precautions to be exercised in applying the austenitic Cr-Ni steel to 
re'i t corrosion must al'O be observed with the Cr Mn and Cr-Mn Ni steels Both 
steels are subject to pitting when exposed to certain chloride solutions, and are subject 
to contact or crence corrosion 

* Union Carbide and Carbon Research Laborstotiea Inb, Niazara Falla N Y. 

’ tfvrogen tn C>iromium Alloy SUelt Electro Metallurgical Company, New York, N Y 1&4I 
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Table 1. MECHANICAL PROPERTIES OF ANNEALED Cr-Mn AND 

Cr-Mn-Ni STEELS 


Chromium 

Manganese 

Nickel 

Silicon 

Carbon 

Copper 

12.90% 

16.37 

Nil 

0.34 

0.09 

12.98% 

17.06 

2.13 

0.30 

0 08 

17.86% 

9.50 

Nil 

0.-41 

0 08 

0 70 

18.04% 

7.90 

2.06 

0.43 

0 07 

18.54% 

5.18 

4.47 

0.41 

0 08 

Elastic modulus, E X psi 

28 

28 

28 

28 

28 

Yield strength at 0.2 % offset, psi 

28,000 

30,000 

50,000 

51,500 

45,000 

Tensile strength, psi 

120,500 

110,000 

103,500 

122,500 

104,000 

% Elongation in 2 in. 

58 

56 

46 

49 

60 

% Reduction in area 

55 

58 

59 

63 

70 

Izod impact, ft-lb 

100 

100 

100 

100 

100 

Brinell Hardness Number 

145 

148 

160 

179 

159 


Note. All 1-in, round bar samples annealed by air cooling from 1040° C (1900° F); 0.505-in. diameter 
tensile samples tested. 

AQUEOUS MEDIA 

Like other stainless steels, the Cr-Mn and Cr-Mn-Ni steels possess optimum 
resistance to oxidizing media, and their resistance to corrosion is primarily influenced 
by the percentage of chromium present. Corrosion rates of Cr-Mn and Cr-Mn-Ni 
steels in boiling 65% HNO 3 are given in Table 2. 


Table 2. RESULTS OF NITRIC ACID TESTS ON THE Cr-Mn AND 

Cr-Mn-Ni STEELS* 

' Size of epeoimen — 2.5 X 3.8 X O.G cm (1 X IH X H in.). 

Surface preparation — finish-polished with 120 emery cloth. 

Velocity of acid — convection by boiling. 

Temperature — about 165° C (330° P). 

Duration of test — three 48-hr periods. Acid changed after each period. 


Composition, % 


Corrosion Rate, ipy, in Boiling 65% HNO 3 


Cr 

Mn 

Ni 

Si 

C 

Cu 

First 48-hr 
Period 

Second 48-hr 
Period 

Third 4S-hr 
Period 

12.90 

16.37 

Nil 

0.34 

0.09 


0.30 

0.28 

0 29 

17.86 

9.50 

Nil 

0.41 

0.08 

0.70 

0.036 

0.04 

0.045 

18.04 

7.90 

2.00 

0.43 

0.07 


0.024 

0.023 

0 026 

18.54 

5.18 

4.47 

0.41 

0.08 


0.022 

0.018 

0 013 


'All samples annealed by air cooling from 1040° C (1900° F). 


These data illustrate that the steel containing approximately 13% chromium ■with 
16% manganese is not so resistant to oxidizing media as the steel containing about 
18% chromium and 9% manganese. Experiments in the spray atmosphere of a 20% 
sodium chloride solution have shown that steel of higher chromium and lower 
manganese content is far more resistant to staining. Other experiments under wet 
atmospheric conditions have revealed that the 13% Cr-16% Mn will rust, whereas 
the 18% Cr-9% Mn steel will remain bright for a long time. In considering corrosion 
resistance, the high-manganese steels containing approximately 18% or more 
chromium are ipreferred. 
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Effect of Cabbo’^ A^D Nitrogen Content 
The carbon content of the Cr Mn and Cr Mn Ni steels greatly influences their 
corro'ion resistance It hen polished «dmplcs are expo ed to the spray of a 20% 
aJt solution theie io> a definite tendency for the sleelo to become stained during a 100 
hour exposure test when the carbon content is much above 010% whereas if the 
carbon content i-j below 0 10% the “steels will resist the salt pray atmaphere for 
longer period'^ vvithout staining Continued expo ure to the salt-, pray atmosphere 
"hows that there la a definite lendenev for the steels to become badly pitted when 
the carbon content is 0 15% or higher The higher carbon «tcels arc much more 
subject to the development of intergranular corro ion than the low carbon 'teels 
From the standpoint of corro ion resistance it is advisable to maintain a maximum 
carbon content of 012% and preferably 010% The influence of caibon content on 
the re istance of the alloy s to mine acid is shown by the data of Table 3 

Table 3 EFFECT OF CtRBON ON THE CORROSION RESISTANCE OF 
THE Cr Mn AND Cr Mu \i STEELS IN NITRIC ACID 

S jeo(*p« men — 2 a XaaXOfemdXlHX/iia) 

Surface preparai on — finwh pol ‘had » th 120 emery cloth 
teloe ty of »c d — convection by aeratioB. 

Temperature — about 20*C <70*r) 

Duraiiu of ten — 12 Lr 


Cr 

Mn 

St 

C 

Corros on 

Rate ipy m 
Aerated 20 %UN0t 

17 83 

8 20 


0 07 

0 013 

17 19 

8 3a 


0 11 

0 029 

17 ia 

3 3a 


0 22 

0 037 

17 47 

8 44 


0 47 

0 048 

IS S'* 

0 83 

4 30 

0 00 

Nil* 

18 

0 74 

3 84 

0 07 

0 0(» 

18 37 

4 90 

4 13 

0 09 

0 013 

18 47 

6 02 

5 17 

0 12 

0 0“>7 


*No detenu uable loss la ueight using s cbein cal balance. 


When the nitrogen content of the 'teelu is increased the general resistance to 
corro'ion la not impaired, m fact the data of Table 4 reveal that the increase m 
nitrogen content actually improvra resistance to boiling nitric acid 

Fresh and Sxlt Waters 

The annealed Cr Mn and Cr-AIn Jvi •stecE are re istant to natural fresh water, 
boiler waters, steam and condensates from boiler waters This information has been 
obtained not from application of the •'tceU under commercial conditions but from 
laboratory tests on annealed samples of the steeU 
Exposure of the Cr Mn and Cr Mn Ni “steel to “^ea water causes them to become 
pitted in the ®ame manner as are the Cr and Cr Vi «tamlees “teels Samples 0 16 
cm (1/16 m ) thick expo ed for 700 day* to "ea water at Fort Tilden Long Island 
N "i , were pitted and perforated at the end of the exposure period Sheet specimens 
of the «ame thickness as the Cr Mn steels have al o been te'=ted in flow mg sea 

water at Itilmmgton K C Inspection after 529 days showed that the •'pecimens 
were perforated by pitting 
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Table 4. EFFECT OF NITROGEN ON THE CORROSION RESISTANCE OF 
THE Cr-Mn AND Cr-Mn-Ni STEELS* IN NITRIC ACID 

Size of specimen — 2.5 X 3.8 X 0.6 cm (1 X 154 X 54 in.). 

Surface preparation — finish-polished with 120 emery cloth. 

Velocity of acid — convection by boiling. 

Temperature — about 165° C (330° F). ' 

^ Duration — three 48-hr periods. Acid changed after each period. 


Composition, % 


Corrosion Rate, ipy, in Boiling 65% HNO 3 


Cr 

Mn 

Ni 

Cu 

C 

N 

First 48-hr 
Period 

Second 48-hr 
Period 

Third 48-hr 
Period 

17.86 

9.50 


0.70 

0.08 


0 036 

■DBSBI 

HB ?9flB 

18.45 

9.60 


0.69 

0.08 

0 10 

0.026 



18.04 

7 90 

2.06 


0.07 

isa 

0.024 



18.66 

8.44 

2.09 


0.07 

EH 




18.54 

5.18 

4.47 


0.08 


0.022 

0 018 


18 06 

5.21 

4.51 


0.07 

0.12 

0.021 

0.014 

0.010 


*AU samples air-cooled from 1040° C (1900° F). 


Acids, Alkalies, and Salts 

Corrosion data obtained for the 1100° C (2000° F) annealed and quenched Cr-Mn-Ni 
steels are summarized in Table 5. 

The data show that the Cr-Mn-Ni steels are resistant to a number of important 
chemicals but, like other stainless steels, are badly attacked by 85% phosphoric (hot), 
hydrochloric, and sulfuric acid solutions. Dilute solutions of nitric, lactic, and acetic 
acids have but little effect on the alloys. In like manner, lemon juice, orange juice, 
sweet cider, etc., leave the alloy substantially unaffected. Chloride solutions except 
when boiling tend to cause pitting. 


SUSCEPTIBILITY TO INTERGRANULAR CORROSION 

The Cr-Mn and Cr-Mn-Ni steels are subject to the development of intergranular 
corrosion after heating in the range 400° to 815° C (750° to 1500° F). After heating 
at these temperatures the steels will disintegrate if exposed to a variety of corrosive 
media. The susceptibility to intergranular attack can be eliminated after exposure 
in the sensitizing temperature range, and prior to exposure to corrosive media by 
reannealing the steels at 1000° to 1100° C (1800° to 2000° F), followed by rapid 
cooling. 

Susceptibility to intergranular attack can be eliminated by the addition of colum- 
bium or titanium. To gain complete immunity to intergranular attack, the columbium 
should be present to the extent of at least eight to ten times the carbon content, and 
the titanium four to six times the carbon content. The physical properties of the 
Cr-Mn steels, however, are detrimentally affected by the presence of these amounts 
of columbium and titanium. The steels become more ferritic in nature, and lose 
ductility and toughness to a marked degree; but it appears that five to six times as 
much columbium as carbon can be added to give a marked improvement without 
seriously affecting physical properties. On the other hand, the titanium requirement 
of four to six times the carbon content and the columbium requirement of eight 
times the carbon content can be employed in the Cr-Mn-Ni steel without seriously 
affecting either the ductility or toughness. It is preferable that the carbon content 
of both steels treated. with these additions be limited to a maximum of 0.08%. 
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Table 5 EFFECT OF VARIOUS MEDIA ON THE Cr Mn-Ni STEELS 

Sue of specimen— 2 5 X38X06cra(lXlHX}<in.) 

Surface preparation — finish polished with 120 emery cloth 
Velocity of acid — nat. eonvection 

Chromium 17 75% 

Maneanese 6 09 

Nickel 3 83 

Copper 0 85 

Sihcon 0 47 

Carbon 0 07 

Nitrogen, 0 M 


Corrodent 

Temperature 

Duration of 
Test hr 

ipy 

2% Nilne acid 

Boiling 

43 

0 0002 

10% Niirie acid 

' BmliDg 

41 

0 0008 

10% Hydrochloric acid 

Room temp 

IS 

0 12 

10% Sulfuric acid 


19 

0 066 

10% Sulfurio and 2% nitne acids 


45 

0 0003 

10% Acetic acid 

Doihog 

17 

Nil 

99% (glacial) 


17 

0 16 

10% rormio acid 

Room temp 

20 

Nil 

10% 

. Boiling 

20 

0 30 

8j% Formic acid 

Room temp 

20 

0 0003 

10% Oxalic acid (1st part of test) 

1 Boiling 

19 

0 075 

10% (2Dd part of test) 

2od run 42 hr 

42 

0 008 

10% Phosphoric acid 

1 Boiling 

24 

0 0007 

65% (syrupy) phosphoric acid 

i HO'C 

■“ 

Dissolved 

Salt spray • 20% VaCl 

38*C 

> 2320 

0 020 (by pitting) 

10% Potassium chlonds 

Boiling 

47 

Nil 

10% CnleiuTfi 


16 


10% Ammonium chloride 


20 

Pitted 

Bleach (calcium hypochlorite 24 grama Cl 
per liter) 

Room temp 

65 

Pitted 

2% Lactic acid 

Boiling 

46 

Nil 

Lemon juice 

Room temp 

so 

0 0002 

Orange juice 


91 

Nil 

Sweet cider 


42 


Gannwi tomaaoea 

100“ C 

2i 


Canned rhubarb 

100*0 

23 


50% NaOH* 

Boiling 

24 

0 20 


•Thesedata contributed by F L LaQuc are for 18% Cr-<i% Ni 1% Cu- 0 12%C alloy water- 

quenched from 107o° C (19o0° F) and surface prepared with No ISO emery Similar data for the 18% Cr- 
8% ^In-O 06% C alloy show somewhat bi(,ber corroaion rates 


ATMOSPHERIC CORROSION 

Corrosion experiments extending ot er a period of 5 to 6 years hat e been completed 
on sheet samples of the Cr-Mn and Cr Mn Ni steels exposed to the atmosphere on 
top of an office building m New York City The samples hate been cleaned and 
inspected on two different occasions Other tests ha\ e been made in a highly humid 
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atmosphere in Cleveland, Ohio. Results of both sets of experiments are given in 
Table 6. 


Table 6. RESULTS OF ATMOSPHERIC TESTS, AND HIGHLY HUMID 
ATMOSPHERIC TESTS ON Cr-Mn AND Cr-Mn-Ni STEELS 


Size samples — 10.2 X 20.3 X O.IG cm (4 X 8 X He in.). 
Surface preparation — finish-polished with 120 emery cloth. 


Composition, % 

Corrodent 

Duration, 

Months 

Location 

Corrosion 

Rate, 

in./yr 

Remarks 

Cr 


1 

Ni i 

Cu 

C 

17.86 

i 

9.48 



0.07 

Normal atmos- 
phere 

61 

New York 
City 

Nil 

No permanent 
staining or pitting 


l< ' 


tl 

" 

90-95% 

Humidity 

40° G (108° F) 

8* 

Cleveland, 

Ohio 

NU 

No permanent 
staining or pitting 

17.76 

6.09 

3.82 


0.07 

Normal atmos- 
phere 

' 61 

New York 
City 

Nil 

No permanent 
staining or pitting 



it ' 

I .. 

1 

4t 

90-95% 

Humidity 

40° C (108°F) 

8* 

Cleveland, 

Ohio 

Nil 

« 

No permanent 
staining or pitting 


* Size of samples in this test was 1 H by 0 by He in. (3.8 by 15.2 by 0.10 cm). 


These tests demonstrate that the Cr-Mn and Cr-Mn-Ni steels have good resistance 
to atmospheric deterioration. The steels retain a bright, pleasing color, which is not 
dulled appreciably through years of exposure to the atmosphere.* 

/ 
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NICKEL-IRON ALLOYS 
F L LaQuE* 

Although the addition of nickel eflfects a considerable impro\ ement la the resistance 
of iron to corrosion, the principal applications of these allojs are not dependent on 
their corro^ion-re^isting characteristics They are designed primarily to secure some 
special physical property related to thermal expansion, magnetic or elastic charac- 
tenstics As a supplement to such properties, the extra corrosion resistance afforded 
by the nickel content is frequently of practical advantage 
Exceptional to the foregoing are the austenitic nickel-ca«t ironst which were 
del eloped primarily for corrosion resisting applications They will be discussed 
separately Another exception is pro\ided by the recent discovery* that Ni-Fe alloys 
containing 50 to 80% nickel are exceptionally resistant to attack by hydrofluoric 
acid as It 13 encountered in the alkylation of petroleum hydrocarbons A useful 
property of the Ni Fe alloys in this application is their avoidance of tar formation 


GENERAL CORROSION CHARACTERISTICS 
Acids and Otheb Media 

Re-ults of several investigations of the resistance of Ni-Fe alloys to attack by 
V arious) acids were suramarlied by Marsh,^ to whose work the reader is referred for 
a more detailed discussion of this subject Although investigators used different 
concentrations of acids under different conditions of test, the combined results 
demonstrated a fairly consistent effect of nickel on resistance to attack There is a 
gradual decrease in corrosion as the nickel content ]Dcrea«es to about 30 to 40%, 
with relatively little further decrease in corro«ioD with larger amounts of nickel 
The same effect of nickel content was demonstrated by tests in 5% sulfuric acid at 
25® C (77® F) as shown in Fig 1 and at the boiling point ® (See al o Fig 5, p 30 ) 

This effect of nickel content on corroMon should be considered m relation to the 
Electron Configuration Thcorj of Passivity (p 24) Tbi* theory suggests that there 
should be a considerable improvement in corrosion resistance when the nickel 
content of the alloj is increased to 34% 

In Table I are additional data^ on corrosion of some common Ni-Fe ^loys by 
sulfuric acid The resistance of Ni-Fe alloys to attack by sulfuric acid may be 
improv ed further by additions of copper and silicon 5 
Nickel improves the resistance of won to corrosion by salt eofutiona as indicated 
by the data m Table 2 ® Corrosion tests m 16% calcium chlonde solution are sum- 
manzed in Table 3 Data on the behaiior of the 36% nickel alJoyt in sea water 
are found m Table 13, p 409 

* Development and Reeearch Divuion, The Interoational Nickel Co , New York, N Y 
t Ni Resists. 

t Intar 

P Matu«zak U S Patent 2 360 436 (Ort 17.1941) 

* J 8 Marsh ThtAUoyioSIrmandJiiAt} p 503 Vol 1, McGraw-Hill Book Co , Inc , New York 1938 

* R. Landau and C S Oldach ‘ Corrosion ol Binary Alloys ” Tran* Electroehen Soc , 81 521(1912) 
*GG FinkandC M DtCrdly,' The Coiroeion'Rat^otTetro-i^iekel Alloye’’ Trans Eleetrochent Sx, 

86 239-277 (1929) 

L. Miller An Inveslt^vm of Certain Corronon Remtant SteeU Parti S3tm Alloyifor Viexn Contaet 
tcxih SulfuTK Aet4 VoL 21, pp 111-127 Iron and Steel Institute, Carnegie Scholarship Memoirs, 1932 
' C G Fink and C M DeCroIy, loo. ed. 
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Table 1. BEHAVIOR OF Ni-Fe ALLOYS IN' SL'LFUEIC ACID 


Alternate Immersion at Atmospheric Temperature for 168 Hours 


Acid Concentration, 

% by Wei^t 

Corrosion Rates, ipy 

35-38% Xickel* 

48% Xickel 

79% Xickelt 

5 

0.25 

0.16 

0.066 

2.5 

O.IG 

0.15 

0.20 

75 

0.03 

0.016 

0.03 

96 

0.09 

0.009 

0.07 


* InTsr. t Permalloj'. 



Fig. 1. Effect of Nickel Content on Corrosion of Fe-Xi Ahoys by Aerated 5 % Sulfuric 
Acid at 2.5'’ C. (Landau and Oldach.) 


T...ELB 2. EESLSTAXCE OF Xi-Fe ALLOYS TO CORROSIOX 
BY 5 % SODIUM CIHLOEIDE 

(Under CJonditions of Alternate Immersion at Atmospheric Temperature) 

Kickel C<mlenl of AHr/y, % Canorim. licle, fpy 
0 0.073 

3S* 0.00.J 

48 0.0000 

sot 0.0004 

100 6.0008 


Icrar. t PenEsIloy. 
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Table 3 RESULTS OF TESTS OF HIGH NICKEL CONTENT IRON 
ALLOYS IN AERATED AND AGITATED 16% CaClj SOLUTION 

At Atmospberic Temperature for 100 Days 
Niclel Content of Alloy, % ConotvM Rate tpy itaximum Depth of PiUxng inch 

SO 0 OOOC 0 003 

DO 0 0004 0 004 



r. NICK£L 

Fig 2 Corrosion of Nickel Cast Irons in Aerated 5% Sulfuric Acid at Room 
Temperature 

Nickel-Cast Irons There has been a considerable practical application of austenitic 
cast irons containing 20 to 30^ nickel or about 14% nickel and 6% copper plus a 
small percentage of chromium in each ca«e, along with the usual constituents of cast 
iron The general effect of nickel on the resistance of such irons to attack by acids is 
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Table 4. COMPARATHTS DATA ON PLAIN CAST IRON AND AUSTENITIC 
NICKEL-CAST IRON* IN SE^^ERAL MEDIA 




Temperature 


Corrosion Rnte, ipy 

Corrosive Medium 

Concentration 

B 

B 

Aeration 

Cast Iron 

Austenitic 
Nickel- 
Cast Iron 

Acetic acid 

o% 

16 

60 

Some 

0 68 

0 04 

Acetic acid 

50% 

. - 

Boiling 

Some 

2 66 

0.12 

Acetic acid 

/ 

Concentrated 

16 

00 

Some 

0 OS 

0 02 

Ammonium hydroxide 

25% 

16 

60 


0 0000 

0.00002 

Ammonium chloride 

5% 

16 

60 

Some 

0 05 

0 003 

Ammonium chloride 

5% 

93 

200 

Some 

0.19 

0 006 

Ammonium citrate 

30% 


Atmos. 


22 

0 06 

Ammonium sulfate 

10% 

16 

60 

Some 

0 03 

0 004 

Calcium chloride 

5% 

16 

00 

Some 

0 009 

0 005 

Carbon dioxide 

Saturated 

16 

60 

Some 

0 03 


Citric acid 

5% 

16 

60 

Some 

0 59 


Fatty acids 

.... 

227 

440 


0 79 


Grapefruit juice 

.... 

30 

86 

Yes 

0 .35 

0 06 

Hj drochlorio acid 

5% (by 
vol. ) 

16 

60 

Some 

1.07 

0.01 

Hydrochloric acid 

50% (by 
vol. ) 

16 

60 

Some 

1 24 

0 04 

Hj drochlorio acid 

Concentrated 

16 

60 

Some 

1.11 

0 37 

Hj drocliloric acid 

5% 

54 

130 

Yes 

5.33 

0 099 

Hydrofluoric acid 

10% 

16 

60 


0 22 

0 001 

Hydrofluosilicic acid 

22% 

63 

145 

None 

5 5 

0 005 

Hydrogen sulfide (moist) 

.... 

93 

200 

... 

0 07 

0 01 

lactic acid 

10 to 25% 

61 

130 


1.77 

0 67 

Monoeihanolamine 

.... - 

SO-105 

180-220 

. . 

0 008 

0 004 

Nitric acid 

5% (by 
vol. ) 

16 

60 

Some 

1 04 

0 S3 

Parkerizing solution 

» • » » 

100 

210 

None 

0 18 

0 05 

Petroleum vapors 

.... 

370 

700 


0 67 

0.13 

Phosphoric acid 

5% 

30 

86 

None 

4 85 

0 OS 

Phosphoric acid 

25% , 

30 

86 

None 

3.79 

0 04 

Phosphoric acid 

5% 

S8 

190 

None 

34.7 

0.28 

Phosphoric acid 

25% 

88 

190 

None 

05.6 

0 03 

Pineapple juice 


87 

188 

Alt. Immer. 

0.79 

0.07 

Ilosin vapors 

.... 

370 

700 

Some 

0.58 

0.01 - 

Sodium bromide 

22^^-” Bd 


Boiling 


0.03 

0 003 

Sodium chloride 

Saturated 

93 

200 


0 07 

0 005 

Sodium hydroxide 

50-70% 

120 

250 


0.29 

0.09 

Sodium hydroxide 

75% 

135 

275 


0 07 

0 004 

Sodium hydroxide 

100% 

070 

1240 


0.84 

0.26 

Sulfate black liquor 


175 

344 


0..34 

0.03 

Sulfur (molten) 


127 

260 


0.02 


Sulfur (molten) 


200 

500 


0.03 


Sulfur (molten) 


440 

835 


0.40 


Sulfur chloride 

9S% 

125 

257 


0.16 

0 001 
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Table 4 ICotUtnved) 


Corrosive Medium 

Concentration 

1 Tempnature j 

Aeration 

CorrOB on 

Rate jpy 

®C 

•F 

Cast Iron 

Austenitic 
Nickel 
Cast Iron 

Sulfuno acid 

5% 


Atmos 

None 

4 43 1 

0 02 

Sulfuric ac d I 

6% 1 

00 

10( 1 

None 


0 33 

Sulfur 0 ac d | 

30% 

27 

80 

None 


0 Ou 

Sulfuric ac d 

30% 1 

00 

194 

None 


1 29 

Sulfuric acid 

30% 

30 

86 

None 


0 02 

Sulfuric ac d 

80% 

90 

194 

None 


0 2u 

Sulfuric ac d sludge 

25% 

CO 

140 


1 Destroyed 

1 0 008 

Sulfuric acid and! 

/I0% 

32 

90 

Some 

1 » 

0 62 

copper sulfate J 

1 2% 

32 

90 

Some 



Sulfite liquor 


21 

69 

None 

0 91 

j 0 87 

Tomato ju ce 


S2 

125 


1 0 11 

0 05 

Whiskey slop 



Doiliog 

None 

0 Ou 

0 01 

W hisicey mash 



Hot 


' 0 II 

' 0 02 

Zinc (molten) 


510 

9S0 


42 7 

23 9 

Zinc cblonde 

30-70% 


Doibne 


0 64 

0 OS 


* Nt Resist 


shown b> the data of Fig 2 for sulfuric acid’ The irons containing 3 to 3 6% total 
carbon end about 2% silicon 

The improvement due to tho presence of nickel rosuils principally from its effect 
on the corrodibilit> of the austenitic matrix In addition the high nickel content 
cost irons possess an advantage over unallo>cd irons ba^cd on the greater nobility 
of the alloyed matrix and the resultant decrease in galvanic action between the 
graphite and tho matrix® ® w hieh tends to reduce or av oid graphitic ’ corrosion The 
greater nobility of the austenitic cast irons is aUo of value in reducing galvanic 
corrosion m combinations with copper and nickel allo>s and with stainless steels as 
in pumps V alves and other chemical proccs ing equipment 
In Table 4 hav e been assembled some data*® illustrating the relative performance 
of p’ain cast iron and high nickel content cast irons in sev eral corrosn e media 

Alkalies 

Nr Fe a/lajs are firgfify resisfanC to attack by a/kabes /mpravemeat rn corrosion 
resistance is roughlj in proportion (o nickel content up to about 30% at which 
level corrosion becomes practically negligible under many conditions of exposure 
The commercial applications of Ni Fe alloys hav e been principally in the form of 
nickel cast irons the performance of which is iJluatrated bj the data in Table 5 *® 

BsHAvaoR OP Welds in Nickel-Clad Steel 
In welding the nickel "side of nickel clad steel with nickel welding rod there is ®oine 
dilution of the weld metal with iron Depending on the thickness of cladding and the 
’ Unpublished data International Nickel Co Inc 

*W A Wesley H R. Copson and F I- LaQoe Some CooBcquenees of Graphitic Corroeion of Cast 
Iron ^felah and Alloya 7 No 12 p 32o (December 1936) 

*n L.Maxwell Cast Ironin ChemicalEqAipment ifeeh Eng 6S No 12 p 803 (December 1936) 
Unpubl shed data Intemat onal Nickel Co Ine 
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Tabm! 5. RESULTS OF TESTS OF NICKEL-CAST IRONS IN CAUSTIC SODA 
WhUe Being Concentrated 50 to 65% under 26-in. Vacuum 


Nickel Content of Cast Iron, % Corrosion Rate, ipy 


0 

5 

15 

20 

30 


0.091 

0.049 

0.030 

0.006 

0.0004 


welding technique, the iron content of the welds will be between 5 and 20%. 
Consequently, there has been some interest in examining the corrosion resistance 
of Ni-Fe alloys of high nickel content in media in which nickel-clad steel is likely 
to be used. 

Practical experience during the past 15 years has demonstrated that, with properly 
made welds, the resulting Ni-Fe alloys resist corrosion as well as the nickel cladding 
in the many established applications of nickel-clad steel. The results of tests covered 
by Tables 1, 2, 3, 6, and 7 bear on this subject. 

Table 6. RESULTS OF TESTS OF Ni-Fe ALLOYS IN CORROSIVE WELL 
WATER CONTAINING CONSIDERABLE FREE CARBON DIOXIDE 


At 80° C (180° F) for 204 Days 


Nickel Content of Alloy, % 

Corrosion Rale, ipy 

Maximum Depth of Pitting, inch 

70 ’ 

0.006 

Perforated 



(0.050) 

80 

0.004 

0.022 

90 

0.004 

0.031 

100 

0.001 

0.000 


Table 7. RESULTS OF TESTS OF Ni-Fe ALLOYS IN 
SODIUM HYDROXIDE SOLUTIONS 

Iron Alloys Were Coupled with Pure Nickel in Each Case. 
Area of Nickel Ten Times Area of Alloy. 


Alloy 

' Corrosion Rates, ipy 

75% NaOH at 

128° C (262° F) 

50% NaOH at 

75° C (167° F) 

23% NaOH at 

105° C (221° F) 

Nickel 

0.0015 

0.0008 

0.0004 

95% Ni, 5%Fe 

0.0010 

0.0024 

0.0016 - 

90% Ni, 10% Fe 

0.0016 

0.0019 

0.0027 

80% Ni, 20% Fe 

0.0019 

0.0016 

0.0036 

70% Ni, 30% Fe 

0.012 

0.008 

0.0016 

60% Ni, 40%Fe 

1 


0.008 > 

0.0016 


Stress Corrosion Cracking 

There is evidence that some of the low Ni-Fe alloys are subject to stress corrosion 
cracking in some media. In tests by Schmidt and Wetternick.^i where strewed speci- 
mens were subjected to bend tests after immersion for 2 months at room temperature 
in 0.4% hydrochloric or 16.4% sulfuric acid, it was shown that alloys with less than 

** M. Schmidt and L. ''Wetternick, Korrosion «. Metallschutz, 13, 184-189(1937). 
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SILICON-IRON ALLOYS 

W. T. BRYAN'f 

The high Si-Fe alloys, of high intrinsic corrosion resistance, can be produced only 
as castings. Prior to World War I the use of these alloys in corrosion-resistant equip- 
ment was confined to simple shapes as anodes, pipe, and towers; but in recent years 
applications have been made in more complicated designs. High hardness and 
brittleness, which are barriers to machining and fabrication by ordinary means, have 
been overcome by improvement in grinding equipment and novelty of engineering 
design. 

, Composition 

Experience and research have demonstrated that a composition of 14 to 15% silicon 
results in maximum corrosion resistance, and no significant benefits are derived by 
increasing the silicon beyond this amount. Investigations have been directed toward 
the improvement of mechanical properties by lowering the silicon content, but the 
marked decrease of corrosion resistance, as illustrated in Figs. 1 and 2, without 
improvement of mechanical properties, has discouraged further effort. Therefore, 
the nominal composition of this alloy as 14.5% silicon, 0.85% carbon, 0.65% man- 
ganese, and remainder iron,t is one of long standing. A modification of the standard 
14.5% Si-Fe alloy is made by the addition of 3% molj'bdenum,? the latter being 
specifically resistant to hot hydrochloric acid. 

Table 1. PHYSICAL CHARACTERISTICS OF 14.5% Si-Fe ALLOY 


., /ib/ou in. 
ensi y|gfams/co 


f0 252 
\7.0 

Melting point 


1260' C (2300° F) 

Electrical resistivity, Microhm-cm, 0° C 

63 

Hardness, Rockwell C 


52 

Relative thermal conductivity (Ag = 1), 0° C 

0.125 

Tensile strength 

Coefficient of linear expansion: 


17,000 

Degrees C 



20-100 

12.22 X 10”® 


20-200 

12.95 X 10”® 


20-300 

13.75 X 10”® 


20-400 

14.60 X 10”® 


20-500 

15.45 X 10”® 


20-600 

16.22 X 10”® 


20-700 

16.75 X 10”® 

- 


CORROSION RESISTANCE OF 14.5% SILICON-IRON ALLOY 

The 14.5% Si^Fe alloy satisfactorily resists sulfuric, nitric, acetic, formic, lactic, and 
many other commercial acids at any concentration or temperature. The silica film 
believed to be responsible for corrosion resistance does not depend upon o.xidizing, 
neutral, or reducing conditions; therefore, the type of corrosive agent, from this 
standpoint, need not be considered. Sea water, mine waters, organic, and most 
inorganic acids are handled with no difficulty. The alloy, at present, is used for anodes 
in the electroplating of nickel, copper, chromium, and cadmium ; in electrowinning of 

• The Duriron Co., Inc., Dayton, Ohio. 

t Duriron. (Some other trade names are Tantiron and Corroeiron. Editob.) 

t Durichlor. Patent 1,972,103. 



202 


CORROSION IN LIQUID MEDIA, ATMOSPHERE, GASES 


metala such a« copper and cadmium and in the electrolytic pickling of metals 
empJojing 10% HaSOi in combination with tin or lead salts* 

Howeier, the 14 5%Si-Fe alloy is not resistant to the halogens, fused alkalies 
hjdrofluonc acid, crude phosphoric acid containing HF, concentrated hydrofluo- 
silicic acid, sulfurous acid, boiling h3drochlonc acid, and aqua regia 



Flo 1 Effect of Alloj ed Silicon on Corrosran Resistance of Iron m 10% HiSO« at 
80* C (175* F) 

Temperature 

The maximum temperature m many cases is limited only bj’ design of the eqiup- 
ment Successful installations of 20'm diameter pipe ha%e been made for acid 


' Bullard Dunn Process 
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concentrators handling boiling 95% H 2 SO 4 at approximately 285° C (545° F), where 
products of combustion attain temperatures of the order of 590° C (1100° F). The 
falling-film and Mantius types of H 2 SO 4 concentrators handling 60 to 95% H 2 SO 4 
at approximately 200 ° C (400° F) are made of the 14.5%Si-Fe alloy. 



Fig. 2. Etfect of Silicon in High-Silicon Iron vs. Hydrochloric Acid (100-Hour Test) 30° C 

(85° F) and 80° C (175° F). 

The limitation of high Si-Fe allo 3 's to applications at elevated temperatures is the 
rate at which heat is applied or removed. Thej' have relatively low thermal con- 
ductivitj’ and are susceptible to cracking from thermal shock. However, satisfactory 
performance of process equipment is obtained by exercising proper precautions. 
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pH AM) Alkalies 

The 14 5% Si-Fe alloy is not restricted in use to a narrow pH range Concentrated 
caustics are in genera! more corrosive than acids The alloy will withstand 20% NaOH 
at boiling and 50% NaOH at 80® C (175® F) with a corrosion rate not exceeding 240 
mdd (0 05 ipj ) For more se\ ere operatmg conditions, other alloys have prov ed more 
suitable 

Dissolv'ed Salts 

The 14 5%Si-Fe alloy resists the action of numerous salts under a variety of 
conditions For example, the alloy satisfactorily resi«ts bright nickel plating solution 
(pH 4 3) under conditions of aeration and mechanical agitation The corrosion rate 
at 100° C (212® F) for a test of 250 hours duration was 7 mdd (00015 ipj ) without 
occurrence of pitting 

Corrosion however, occurs in contact with those salts nhich in specific acid media 
tend to break down mto chemical forms previously outlined as being corroeive These 
salts are ammonium fluoride, chlorhydrin cupric chloride feme chloride, mercuric 
chloride sodium hjpochlorite, sodium sulfite stannic chloride — or, m general, salts 
which readil} form acids of the halogen family or sulfurous acid 

Gases 

The halogen gases are generally corrosive to the I4 5%Si-Fc alloy and this u 
particularly true of bromine and iodine In unit operations involving these chemicals, 
care la usually taken to convert to non corrosive salts until the final stage Dry 
chlorine, h>drogeti chloride, fluorine and sulfur dioxide are not corrosive, but the 
presence of moiature, and particularly steam, results in rapid attack Ejdiogen 
sulfide and ammonia have no effect 

Velocxtt 

The 14 5%Si-Fe alloj satisfactorily re«ists erosion Brinel) hardness of approxi- 
mately 500 makes it suitable for handling corrosive liquids with suspended solids 
where abrasion resistance la the primary consideration 

Galvamc Coxjpliag* 

W D Richardson^ (1921) pointed out that 15%Si-Fe alloy is generally anodic 
to mckel copper, and carbon, and cathodic Ic rinc and aluminum Howev er, in the 
ca=e of aluminum, the Si-Fe alloy in sulfuric acid is at first cathodic, with the poten- 
tial gradually dropping to zero and remaining there The same holds in dilute nitric 
acid, except that the steady state is reached more quickly In dilute hydrochloric 
acid or sodium chloride solutions, the alloy is cathodic to aluminum 

Coupled with iron in sodium chloride or sodium sulfate solutions, the Si-Fe alloy, 
he stated acts as the cathode, and the potential decreases with time In dilute 
sulfunc acid, the alloy is first strongly cathodic but in time becomes anodic to iron 

Metalltogicvl Factors 

Numerous efforts have been made to alloy high silicon-iron by the addition of 
almost all’the more common elements, with particular emphasis on mckel, copper, 

* This summary was prepared by the Editor 

’ Tram Eltelrochem Soc. 39 61 (1921) 
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molybdenum, tungsten, vanadium, and columbium, but none has developed any 
marked improvement in mechanical properties. It is reported that the present 
British practice is to use an alloying addition of 1 to 2% copper, and in Russia about 
the same amount of nickel is used. Neither of these elements contributes significantly 
to the corrosion resistance of high silicon-iron, and they are believed to be added 
primarily to control soundness of the casting. In American practice, this end is 
accomplished by chemical and metallurgical control. 

The most significant discovery relating to the addition of other elements was the 
profound effect of 3% molybdenum on the resistance to hot hydrochloric acid and 
various chlorides. 



Fig. 3. Effect of Molybdenum in High-Silicon Iron vs. 30% HCl at 65° 0 (150° F), 64 
Hours Air-Agitated — Four Intermittent Weighings. (Data taken from final 16-hour 

period.) 


CORROSION RESISTANCE OF 14.5% SILICON PLUS 3% MOLYBDENUM- 

IRON ALLOY 

The characteristic resistance of the 3% molybdenum-bearing alloy to chlorides and 
hot hydrochloric acid is developed after formation on the surface of a molybdenum 
oxychloride passive film. Therefore, in corrosion evaluation work, it is usually 
desirable to discard test results from the first two periods consisting of 24 to 48 hours 
until passivation has been reached. ’ 
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The effect of moljbdcnum m reinforcing resistance of high silicon iron to hot 
concentrated hjdrochJonc acid b shonn m Fig 3 Both silicon and molybdenum 
contents are critical and for maximum corrosion resistance should total not less 
than 17^% This is particularly true m 30% HCl at temperatures of the order of 
80“ C (175“ F), as demonstrated m Table 2 

Table 2 \ARIABLE SILICON — 3% Mo-Fe ALLOY VS 30% HCl 
\ oIurR« of solution — 600 mL 

Sue of specimen — 3 8 X13X13cm(lSX05X05ini 
Surface preparation — ^rottad. 

Aeration — static test 

Duration of tests — G4 hours (four intennittent veighioes) 

Data taken from final l&Oiour period 



The order of rc-iatance to h>drochloric acid at \anous concentrations at 80* C 
(175* F), air agitated, m six 10-hour te«t periods, is «hot\-n m Fig 4 



0 5 to ZO 25 »0 35 


WEIGHT % HYOROCHLOHIC ACID 

Fig 4 Corrosion of 14 5% Si— Fe Plus 3% Mo in Ilydrocblorio Acid 80* C (175* F)— 
A.ir Agitated — -64 Hours — Four Intemiiltent TIeighiags (Data are from final I&hour 
period ) 

A few chemicals handled satBfacforib cither as dissoh ed salts or in the presence 
of concentrated acids bj the 14^% Si plus 3% Mo-Fe alloj up to SO” C (175“ F) are 
the chlorides of aluminum, ammonium, calcium, lead, magnesium, nickel, potassium, 
sodium, tin and zinc 

Data of Table 3 illuatrate the accelerating effect of feme chloride on corrosion in 
a solution of 35% HCl plus 1% H 2 SOJ at \an 0 u 3 temperatures 

The moljbdenum oxychlonde film, thought to be region ible for corrosion 
resistance, is apparently soluble m hot dilute HNO 3 , bot concentrated HjSOi and 
XH^OH, and is 1 olatilc at high temperatures m the order of 640’ C (]200“ F) The 
moljbdenum alloy is not lecornmcnded for u‘«e with acid salt'’, such as feme or 
cuprie chlorides, m the pre-ence of concentrated acid^, with mixtures of chlorine 
gas and steam, or applicationa where strong H 2 SO 4 or weak HXOj are alternated 
with HCl, as th^e conditions break down the acid resistant film resulting m a high 
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Table 3. 14.5% Si PLUS 3% Mo-Fe ALLOY VS. FeCL IN HCl 

Solution — 35 % HCl + 1 % H 2 SO 4 + Variable FeCl3*6H20. 

Volume of solution — 400 ml. 

Size of specimen- — 5 X 5 X 0.64 cm (2 X 2 X 0.25 in.). , 

Surface preparation — ground. - , 

Aeration — air-agitated. 

Duration of test — 100 hours (six intermittent weighings). 

Data taken from final test period. 


% FeCl3-6H20 

21° C (70° F) 

38° C (100° F) 

60° C (140° F) 

mdd 

ipy 

mdd 

ipy 

mdd 

ipy 

0.00 

70 

mSm 

173 

0.037 

458 


0.03 

159 


214 


485 


0.09 

210 

0.045 


0.108 

1100 


0.14 

294 


822 

0.176 

903 

■EH 

0.50 

586 

0.125 

1430 

0.307 

3630 



PRACTICAL APPLICATIONS 

Centrifugal pumps and valves for handling hea-\-y chemicals are the most common 
applications of the Si-Fe alloys. Specific applications, in addition to those already 
mentioned, are sulfuric acid concentrators, dehj^drating and denitrating towers and 
equipment handling nitrating solutions for explosives at all stages of manufacture; 
steam jets and heating coils in the pickling of steel; reflux condenser tubes in the 
manufacture of nitric acid; ejectors for mixing chlorine, alum, and bleach in paper 
mills; absorption towers and packing in the manufacture of acetic acid; mixing 
nozzles handling sulfuric acid in the petroleum industry ; pumps and valves handling 
dyes and pigments preparatory to filter press operations where alloys must withstand 
abrasive as well as corrosive solutions; and numerous items such as exhaust fans, 
sinks, tank outlets, spray nozzles, agitators, thermometer wells, and evaporating dishes. 


LEAD AND LEAD ALLOYS* 

G. 0. HlERSt 

Lead or lead alloj''s in commercially available pipe sizes are strong enough to use 
without reinforcement for 100 to 200 psi internal pressure at 25° C (75° F), and up 
to 50 psi steam pressure with associated temperatures of 150° C (300° F) . Commer- 
cial lead-covered copper pipe may be used with steam up to 150 psi. 

Small evaporators and stills may be constructed entirely of lead, but, for most 
chemical equipment, sheet lead is supported or reinforced. Figure 1 shows permissible 
fiber stresses that may be used Avith commercial lead piping.i Similar long-time 
tensile stresses may be used in designing equipment employing commercial sheet or 
other forms of lead. When greater stresses are required, "homogeneous” lead-lined 
(defined below) or lead-covered equipment is employed. It is a good practice to 
provide for maximum dynamic stresses not to exceed half the maximum permissible 
static stresses. 

• The reader should also consult Corrosion of Lead and Lead-Alloy Cable Sheathing, p. 609. 

t Research LaboraiorieSt National Lead Co., Brooklyn, N. Y. 

' Chem. and Met. Eng., 45 (No. 1), p. G35 (Noverober, 1938). 
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Frequently sheet lead luun^ are placed inside steel tanks and strapped thereto 
■with lead covered quarter round steel straps Straps should be spaced sufficiently 
closely go as to mmiraize buckling of the sheet during heating and cooling since lead 
has a higher coefficient of expansion than iron ^ 3 Acid brick linings are frequently 
used inside lead bnings to Tnimroizc buckling as -well as v elocity and erosion troubles 


TEMP, ‘F 




1 

u 

Ml 

II 

■ 

II 

1 

1 









■ 





u 

III 

II 

1 

II 

1 

1 









■ 




r’ 

t antimonial lead 

1 

1 









■ 



\ 


■1 

1 

■1 

IHII 

! 

1 









II 





ST 

s 

I 


1 

1 









II 



' 


n 

n 

■ 

n 

1 

1 









II 





■1 

1 

■1 

II 

1 

II 

1 

1 


1 







1 





T, 







■ 












1 



ps 


■Bi 

1 

_L 

■III 







1 





MB 

B 

■1 

i| 

9 



1 



J 



a 

il 

c 

MEMICALtEAO 

z 

w 

■1 

II 


1 


1 







1 

i 








91 

II 


1 


1 







1 





■■ 



III 

■1 

SB 


1 


1 







1 




, 

■■ 



W 

II 

H 


B 


■ 







■ 


. 



HI 



II 

K! 

II 


1 


SI 







1 


_ 

_ 

i 

HI 



II 

■1 

IS 

9 

1 


II 


i 

B 

9! 

9 


■ 



40 60 80 100 »20 WO \60 180 200 220 240 260 280 
TEMP, *0 


Fia 1 Maximum Allowable Fiber Stress in Lead at Various Temperatures 
These values are applicable to the use of lead pipe and sheet adherence to nhich avoids creep andprob* 
ably fati^e failures At 120 psi saturated steam (110* C> and beyond values for both rhemical and tellu- 
rium lead coincide 


Homogeneous products are substantial layers of lead about 018 to 025 in (045 to 
0 65 cm) thick, bonded bj fusion to steel or copper Homogeneous linings or co\ er- 
in^ are recommended when good heat transfer through the walla is desired at 
eleiated temperatures 


\arieties of commeucial leap 

The specifications of se\ eral commercial varieties of lead are gii en m Table 1 
Corroding Lead 

This lead is markedly resistant to general corrosive eniironments approaching 
chemical and chemical tellurium lead m such respect Hovcei er, its principal use is the 
making of white lead (an important white pamt pigment) bj corro mn In the Dutch 
manufacturing process the coiTO«i\e agents of lead are humid air (Oj and HjO) at 
about SO^C (180“ F), together with small amouats of acetic acid \apor and carbon 

* E hiantiua and H F Freiherr Imf End Chem 29 373 (April 1937) 

*G O Hiere Veeh Enj (A S M E ) 68 T93-79S (December 1936) 
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dioxide. With necessary control of temperature and ratio of the corroding agents a 
permeable corrosion product of white lead,2PbC03‘Pb(0H)2, is formed continuously. 
In this process corrosion takes place for about 90 days at the average rate of about 


Table 1. COMMERCIAL LEAD SPECIFICATIONS 
Per Cent 


1 

Corroding 

Lead* 

Chemical 

Lead* 

Tellurium- 

Chemical 

Lead 

Common 
Desilverized 
Lead A* 

Silver, max. 

O.OOIS 

0.020 

^ 0.020 

0.002 



0.002 ' 

0.002 


Copper, max. ; 

0,0015 

0.08 

0.08 

0.0025 



0.04 

0.04 



0.0025 





0.0015 





0.0095 




As + Sb + Sn, max. 


0.002 

0.002 

0.015 

Zinc, max. 

0.0015 

0.001 

0.001 

0.002 

Iron, max. 

0.002 

0.002 

0.002 

0.002 

Bismuth, max. 

0.05 

0.005 

0.005 

0.15 




0.035-0.050 


Lead (by difference) 

99.94 

99.90 

99.85 

99.85 


A. S. T. M. Designation; B29-43 for pig lead. 


0.3 ipy. The mechanism of the corrosive action is explained in Corrosion of Lead and 
Lead-Alloy Cable Sheathing, p. 612, 

Lead for Corrosion-Resistant Chemical Equipment 
The principal varieties of lead used for corrosion-resistant chemical equipment 
in this country are chemical lead, chemical-tellurium lead, and hard lead (6% Sb, 
94% Pb). 

In England, chemical lead is a term referring to the purest lead. In this country, 
it is a special variety, containing copper, that has been found by long experience to 
possess superior mechanical strength, a high degree of corrosion resistance, and 
superiority in grain growth inhibition compared with pure lead (approx. 99.995% Pb). 
The addition of tellurium to chemical lead further inhibits grain growth and also 
imparts a greater resistance to fatigue. 

The general utility of lead for corrosion resistance in a wide variety of environments 
appears to be the result of formation of self-healing protective coatings of insoluble 
lead compounds. 

Copper Lead and Common Lead 

These varieties are made for water pipe, waste pipe, cable sheathing, sheet lead, 
and for various applications outside of the chemical industry. 


GENERAL CORROSION CHARACTERISTICS 

Natural Waters — Effect of Oxygen 

In pure distilled water free from dissolved gases lead is not corroded. When oxygen 
and carbon dioxide are present, the attack is pronounced; hence lead should not be 
considered a practical material for handling distilled water. 
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Many potable waters are safely conveyed in lead pipe because they contain 
sufficient silicate and carbonate to provide a protective coating on the lead Drinking, 
water containing more than 0 10 ppm of lead is generally considered contaminated and 
unsafe for consumption When water is naturally very soft, lime or sodium silicate is 
often added to reduce the solution of lead Under the following conditions, drinking 
water may sufficiently corrode lead so as to require caution m the use of lead 
equipment 

1 Absence of the abo\ e-mentioned protective agents and the presence of aggressive 
carbon dioxide or orgamc acids from peaty soils 

2 ^\atcr treatment (softening) for removal of dusolved calcium and magnesium 

Lead pipe heating coils arc frequently used to handle steam up to 50-psi gage pres- 
sure Failures due to internal corrosion, despite condensation, have not been encoun 



Fio 2 Effect of Oxygen on Corrosion of Lead Submerged in Distilled 'Water at 25" C 
(R M Burns ) 

tered probably because of the relative absence of oxygen Pure water seriously 
corrodes lead m the pre'^ence of oxygen (Fig 2) < 

Natural fresh waters and «ea water have only slight action on lead Lead is used 
therefore foiVTiquaria and artificial ponds It is u'ed also for roofing, gutters and 
down spouts and m great quantities for sail beat keels and fish line and net sinkers 
It IS emploved to, come> ^resh or salt water, either hot, 80“ C (180“ F), or cold, 

M Burns Beli Setlem Tec/i J IS 616 (OetcAer 1936) 



LEAD AND LEAD ALLOYS 


211 


4° C (40° F). The corrosion rate of lead in sea "water is approximately ipy (see 
Table 19, p. 417). 

Effect of pH 

Lead is amphoteric; hence its corrosion is accelerated by both acids and alkalies. 
The effect of pH on the corrosion rate is illustrated in Fig. 3.^ 



0 I 2 3 4 5 6 7 8 9 10 II 12 13 14 

INITIAL pH C 


Fia. 3. The Corrosion of Lead in Contact with Various Acid and Alkali Solutions. 

(Anderegg and Achatz.) 


Acids 

Mineral. The principal mineral acids to -which lead is corrosion resistant are 
suljuric (up to 96%), sulfurous, phosphoric, chromic, and hydrofluoric (cold). Lead 
of V& in. or greater thickness usually gives years of service in equipment handling 
these chemicals. Data on the corrosion rate of lead in sulfuric acid of various 
concentrations are given in Fig. d.o 

® F. 0. Anderegg and R. V. Achatz, Purdue Vniversily Engineering Experiment Station Bull., 18 (1924) 

® Chem. and Mel. Eng., 46 (No. 1). 635 (Novomber. 1938) 
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High %efocities may increase (te rate of corrosion With 20% sulfuric acid at 
25® C (75° F) Calcott and Whelzen found in laboratory tests that lead corroded 
as follows 


\ eloc ty of Solution Across Lead Surface | 

j Rate of Corrosion 

roeters/min ! 

fl/min 

ipy 

in /month 

2 6 

8 4 

0 0056 

0 00055 

30 

97 

0 0020 

0 00017 

47 

155 

0 0019 

0 00016 

92 

300 

0 0103 

0 00056 


The rates appear to fall with initial increase of velocity, but increase markedly at a 
lelocity of 300 ft per mm 



Fig 4 Corrosion of Lead m Sulfunc Acid 

The Bpeeime ere remored daly (or 14 dm;e and the pioteettve lulfste coating dissolved in acidifed 
ammoniuin acetate solution (5% hot) The corroeion rslee are consequently Qiazunnin for total immer- 
eion in sulfunc acid Although these values are excessively high they serve as a guide for eommercial 
practice. 

Lead is not vatiafactorilj resistant to hjdrochlonc acid and is rapidly attacked by 
nitne acid, especially m conccntraliona below 70% by weight 

Mine traiers may boused in lead pipes when \elocity or erosion effects do not 
pretent the formation of protectue coatings 

Organic The pnncipal organic acids to which lead la corrosion resistant are acetic 
(concentrated), chloroacetic (limited u«e), fattj acids (but only m absence of oxygen), 
hydrocyanic (not m pure acid but with sulfunc acid or m aqueous solution with 

^ W S Caleoit and J C Whetzel Tram Am /fist Chtm Enori 15 53 (1923) 
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cyanide), and oxalic and tartaric acids (in absence of oxygen). Lead is rapidly 
corroded by dilute acetic or by formic acid in the presence of oxygen. 


Alkalies 

The action of strong alkalies on lead is not so rapid as by acids like hydrochloric 
or acetic, but is greater than the action of alkalies on iron. For certain purposes, 
however, corrosion of lead in contact with NaOH or KOH up to 30% concentration 
at 25° C (75° F), and up to 10% concentration at higher temperatures, 90° C (190° F), 
is tolerable. For example, lead has proved useful in the refining of petroleum oil 
where a sulfuric acid treatment is followed by an alkaline solution treatment in the 
same lead-lined tank. 

Although lime (Ca[OH] 2 ) solutions are saturated at about 0.1% Ca(OH )2 at 25° C 
(75° F) they have been known (as seepage waters from “green” concrete) to corrode 
lead severely when trickling over the surface. In such cases dissolved. oxygen appears 
to be necessary for corrosion. 

Salts 

Lead is generally resistant to corresponding salts of the acids to which it is 
resistant. Nitrates and alkaline salts tend to be actively corrosive. (See Corrosion of 
Lead and Lead-Alloy Cable Sheaths, p. 609.) 

Gases 

Lead resists the action of chlorine, w’et or dry, up to 100° C (210° F) but that of 
bromine only when dry and at lower temperatures. Sulfur dioxide and trioxide, wet 
or dry, are frequently handled in lead pipes. Hydrogen sulfide, with or without 
moisture, can be handled with lead provided erosion at high velocities is avoided. 
Hydrogen fluoride is actively corrosive; hence lead is not recommended as a con- 
tainer for this gas. 

Galvanic Coupling 

In acid solutions, iron is anodic to lead; hence the corrosion of iron is accelerated 
when coupled to lead. In alkaline solutions, however, the reverse situation applies 
and the corrosion of lead is accelerated by coupling with iron. Copper is anodic to 
lead in strong acid solutions but cathodic in alkaline solutions. / 

In the handling of sulfuric acid and sulfates in the chemical industries it is common 
practice to use antimonial lead (up to 8% antimony) in pumps and valves in 
electrical contact with sheets and pipes of tellurium- and chemical lead. Galvanic 
action is inconsequential because of the formation of an insoluble insulating film of 
lead sulfate. 

Serious galvanic action does not occur under sea water with the use of calking 
lead in cast iron pipe joined by bell and spigot types of joints. 

Mechanical and Metallurgical Factors ^ 

Vibration may cause failures in lead equipment and should be avoided as much 
as possible. In a Bell Telephone Laboratories tj'pe of flexure machine® for commer- 
cially rolled sheet metal the following values of endurance limit for ten million 

® J. R. Townsend, Proc . Am. Soo . Teiting Materials , 27, Part 2, 153 (1927). 
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cjcles at a frequencj of one half million per da> and temperature of 26® C (78* F) 
were found 

Pure lead 440 pai 

Cfaem cal lead 540 pai 

Tellunum-chem eal lead SCO pai 

6*0 Antunonial lead JOtO paj 

The ad%anlageous higher endurance limit of tellurium lead compared with pure 
or chemical lead la probabJ3 related to the work hardening capacity of Te-Pb alloj 
Very pure lead (99 997r) may be subject to gram growth at 2o* C (7o*F) One 
or mere of the following elements are added to certain varieties of commercial leads 
as stabilizers or gram growth inhibitors 

Copper 0 Ot-0 

Tellunum 0 035-0 0o% 

Calcum 0 02-0 04<^ 

In cuch leads grain growth ma> occur onlj at a temperature of 120* C (250® F) or 
higher Although fine and uniform gram sizes m fabricated lead are frequentlj 
de ired coarser grain «izes «eIdom give trouble 
In general internal stresses or work hardness ma\ dissipate with time at ordmarj 
temperature In the corraive environmenta for which lead is suited these metal 
iurgical or mechanical factors are u uallj of minor importance 

SOIL CORROSION 
Befer to Corrosion by Soils p 451 


PROTECXnx MEASURE? 

To prolong the useful life of a lead installation or to use it to best advantage the 
following measures have been employed 

(o) Lime or «odium «i]ic3te treatment (pH 8 to 9) of potable waters which pro- 
mote® formation of protective coatings on lead and generallj prevents dan 
geroik plumbo ^ohenej » 

(6) Coating of «heet lead and pipe with tar a'=phaltum or bituminous paint^o or 
waterproof membrane to prevent corro loa due to contact with aerated seepage 
waters through frech concrete Mter aging one year the free lime in concrete 
is uauallj 'ufficientlj carbonated to eliminate the danger However continued 
seepage of water through some concrete structures may be a source of corrosion 
for a longer time 

(c) U®e of acid bnek lining for chemical equipment to prevent erosion effects 
They al o may lower the lead temperature and reduce buckling of the cheet 
lead 

(d) Avoidance of large soil particles around bare lead pipe buned underground 
m certain soil 

(e) U'e of automatic «team pre-cure regulation for use with lead heating coils 
The steam should be turned on gradually A needle valve may often be U'ed 

* E A. G T dd ard P E BanVea and L. de Brauefccre •f Soe Chen Tnd 63 39-48 (Fabruarj 1944 > 
Vfaster ®p«: Seat ona for Plumbing F xfolM (for land uae) Department of Commerre Bureao of 
«tandards Cire 310 p o6 (19'’6) 

“R M Bamaandw E Campbell Tron* Bleetnekem Soe 65 271 286(1929) 
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(/) Avoidance of quick-shutting valves in lead pipe handling liquids prevents 
failure from water hammer. 

(p) Adoption of lead welding, commonly called burning, is the preferred method 
of making joints in lead chemical equipment. For such purposes, the burning 
or welding bars should be of the same composition as the material being joined. 


ATMOSPHERIC CORROSION 

Types of Exposure 

Indoor. Sheet lead, either soft or antimonial (hard), is frequently used indoors 
particularly in chemical plants and laboratories. It is used for ducts (for fumes), 
hoods, sinks, bench tops, and for floors. 

Outdoor. Lead-sheathed cables exposed to the atmosphere are discussed elsewhere 
(p. 609). Other important outdoor uses of lead are as roofing, flashing, gravel stops, 
spandrels, gutters, downspouts, garden ornaments, statuarjq and wedges between 
stone building blocks. Sheltering or coating of lead with other materials is not 
required for atmospheric exposures. Lead-covered nails are available. 

Lead resists humid air remarkably well because of the development of protective 
films. Installed piping and roofing have lasted for hundreds of years. 

Atmospheric pollution does not tend to increase the corrosion of lead. Smoke-laden 
air containing H2SO3, H2CO3, H2SO4, and HoS is satisfactorily resisted. Lead is 
also used successfully as ducts for sewer gases. 

On account of the electrical-insulating nature of protective films on lead exposed 
to the atmosphere, lead usually does not produce galvanic corrosion of troublesome 
magnitude when in contact with other common metals. 

Types op Atmospheres 

A.S.T.M. Committee B-3, Subcommittee VI, exposed sheet leads (0.035 in., 0.09 
cm thick) to various atmospheres for 10 years.12 The following corrosion rates were 
observed : 


Location 

j Average Corrosion Rate, ipy 

Chemical Lead 

1 % Antimonial Lead 

Altoona, Pa. (industrial) 

0.000027 

0.000021 

New York, N. Y. (industrial) 

0.000017 

, 0.000012 

Key West, Fla. (sea coast) 

0.000022 

0.000020 

La Jolla, Calif, (sea coast) 

0.000010 

0.000024 

State College, Pa. (rural) 

0.000019 

0.000013 

Phoenix, Ariz. (rural) 

0.000009 ' 

0.000011 


Upon careful examination of these sheets, no cracking was discovered and the 
pitting was found to be insignificant. In most cases the antimonial lead showed less 
corrosion. Judging from actual service performance of 6% antimonial lead, it would 
probably corrode at rates comparable with those for chemical and 1% antimonial 
lead. 

J. N. Friend’s average data^^ for exposure of lead to city air for 7 years at 

A. S. T. M., Committee B-3, Subcommittee VI, Report, 1944. 

J. N. Friend, J. Inst. Metals, 42, 149-152 (1929). 
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Birmingham England, are similar and show by recalculation for comparison with the 
above 

Soft lead (99 96%) 0 000032 ipy 

ADtimomal (1 6% 6b) 0 OOOOOo ipy 

Effect of Wood Atmospheres Moist air containing acetic acid or other organic 
acid type vapors from certain woods such as oak and Douglas fir has been known to 
cau'e serious corrosion of lead Trouble has been ascribed to wooden ducts for lead- 
sheathed cables wood used under lead roofing and to isood in mu eum eases i-* is 
In =ome applications the lead may be protected by tar asphaltum, paint, or lacquer 
Permi'sible woods for contact with lead are cedar or hemlock * Seasoned wood is 
preferred oi er green wood 

Mechanical Factors 

For proper design and installation of hard roofing recommendations have been 
made by the Lead Industries Association Such recommendations are consistent 
with strength data as given m Fig 1 and prov ide for creep resistance and for free 
movement of metal where necessitated by thermal expansion and contraction 
A large Federal Court House in New York City, the dome on the State Capitol, 
Harrisburg Pa, and a large metal dome on the State Be/ormatory, Bahway, N 
represent modem installations of lead roofing gutters, etc 


lead aixoys 

Lead-Tin Allots (Terne Allot and Solder) 

Teme plate refers to an allo> -coated (10 to 25% tin balance lead) sheet iron op 
steel which la applied bj hot dipping (See also Lead Coatings p 845 ) The alloy ha.9 
excellent resistance to atmospheric corrosion Other uses have been for contact with 
petroleum product containers and paint containers 
During World War I, Pb Sn alloy coatings of substantial thicknesses were devel- 
oped and applied by electroplating on steel They were used successfully for 
containers of liquid poi«on gases 

A 93% Pb-7% Sn alloj has been used to some extent as sheet metal for chromium 
plating solution tank linings and insoluble auodes 
Solders composed of lead and tin are very generaUy used for joining various sheet 
mefafs assembled as roofs gvrtfers and o'ownspoate Sbi’der Pb, 56% Saf rn 

stream line or sweat fittings for copper pipe is practically imattacked by potable 
waters but galv anic action may be senous m sea water With automobile radiator 
cores of copper soldered with Pb Sn alloys in contact with fresh water, gal\ amc 
corrosion has not been consequential m millions of ca=es However, if one were to 
use brine in the radiators, trouble from this source would follow 
' A noble Cu Sn compound formed where thin sheet copper is soldered may cause 
senous galvamc action of the copper adjacent to the soldered joint as, for example, 

• la eonstructipg lead lined wooden tank* the wood ehoold be inepected for insect larvae If these are 
present the wood should be rejected Insecta have been known to bore through lead. 

^*S Beckjnaale and H Waterhouse / Inst JIfelali Parti 39 375-379 (1928) 

^ R. hf Bums and B A Freed / Am Inti Elec Enan 41 576-579 (August 1928) 

R. M Burns and B I. Clarke Jnd and Ena CSem (Anal Ed ) 2 815-S (January 15 X930) 

Lead (publ cation of Lead Industnes Associationl 5 (No 5) 3-6 (September 193o) 

(publication of Lead laduatriee Association) B (No, 0) 5 (November J935) 
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on copper roofing.!^ The compound probably results 'from excessive heat used in 
soldering and is not frequently encountered. 

Solders generally are not recommended for joints of corrosion-resistant chemical 
equipment and have been known to give trouble in seams in lead tanks used for 
photographic developers. Lead burning or welding is preferred. 

Sea-water corrosion data for Pb-Sn alloys are given in Table 19i p. 417. 

Lead-Antimont Allots 

For sheet and pipe, a 6% ailtimonial lead alloy is frequently employed on account 
of its superior strength compared to soft lead. It is popular in the construction of 
equipment for electro^dic refining of copper. In general, the corrosion resistance of 
antimonial lead is similar to chemical and tellurium leads at 25° to 65° C (75° to 
150° F). Its resistance to fatigue is higher. (See p. 214.) Sea-water corrosion data for 
antimonial lead are given in Table 19, p. 417. 

At higher temperatures the corrosion resistance and strength decrease (Fig. 1). 
Antimonial lead is therefore not usually employed above 95° to 120° C (200° to 
250° F), although, as previously noted, chemical or tellurium leads may be employed 
up to 230° C (450° F) . In either case the maximum temperature for use approaches 
the solidus temperature. 

Desirable physical and metallurgical properties account for a large consumption 
of Pb-Sb alloys as follows : 


% By Weight 

Use 

Sb 

Pb 

1 

99 

Electric cable sheathing 

2-4 

Bal. 

Storage battery connectors and parts 

6 

94 

Eoofing and chemical industry 

9 

91 

Storage battery grids 

6-8 

Bal. 

Lead pumps, valves, coatings 

15 1 

80 (5 Sn) 

Type metal, bearing metal 

15-17 

Bal. (1 Sn, 1 As) 

Bearing metal 


Lead-Silveh Alloys 

The 99%Pb-l%Ag alloy has been satisfactorily used as an insoluble anode in 
the production of electrolytic zinc from strongly acid sulfate solutions. Recently a 
l%Ag-l% As alloy has been found advantageous as an insoluble anode for electro- 
winning of manganese from an acid sulfate solution. 

The qutectic alloy (2.3% Ag, 97.7% Pb — ^m.p. 304° C [579° F]) has been used to 
considerable extent as a soft solder. Unsheltered atmospheric corrosion has proved 
damaging to the alloy. An alloy in the range of 0 to 1.6% Ag, 1 to 5% Sn, remainder 
Pb, appears to be more promising as a soft solder. It also has merit as a coating 
metal on iron or steel for atmospheric exposure. 

LEAD-CALcniM Alloys 

Alloj^s containing 0.10% or less of calcium, remainder mostly lead, have been used 
for cable sheathing, lead pipe, bearing metal, and other purposes. The corrosion 
resistance is good, permitting use of the alloy satisfactorily in environments of air 

” P. D. Altrica, Chem. Mel. Eng., 16, 657 (1917). 
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and water and m storage bctteries The alloy so far as is known is not >et employed 
in industrial corrosion resistant chemical equipment 
The 999% Pb-0 10% Ca alloy was propo ed by the Bell Telephone Laboratories 
for storage battery grids "o The allqy haj> been shown to cau'^e Jess self-discharge of 
a battery than the usual 91%Pb-9%Sb gnd metal alloy An additional advantage 
derives from absence of stibine formation on overcharge 


MAGNESIUM AND MAGNESIUM ALLOYS 
S Loose* 

CX)Mr0SIT10NS 

Compositions mechanical properties and designations of common magnesium 
aJJojs are listed in Table 1 


AQUEOUS MEDLA 

The corrosion resistance of magnesium and its allojs is dependent on film forma 
tion m the medium to which the allots are exposed The rate of formation «olution 
or chemical change of the film \anes with the medium and also with the metallic 
alloymg agents or impurities present m the magnesium Because of these factors 
time 13 an important element in evaluating corrosion data Figure 1 shows the 
corrosion rate of pure magnesium aod controlled purit> allots m a 3% NaCl medium 
as a log function of the time Ano>s containing harmful cathodic impurities corrode 
at approximate^ the «ame rate as controlled purity alIo>a during the first few 
hours and then depending apparently on the alloy content and the amount of 
impurity present exhibit an increasing rate of attack Se\ ere localized pitting may 
develop m some media when critical amounts of certain active cathodic impurities 
are exceeded 

Effect of Dissolved Gases TEMFEnATORE and pU 

Dissolved Oxygen and Other Gases Dis-ohed oxygen does not appear to play 
a major role in the corrosion of magne*=ium and its alloys in chloride solution^ 
Figure 2 shows the effect of aeration on the corrosion rate of pure magnesium and 
a Mg-6% Al-3% Zn-02% Mn alloy in a 3% NaCl solution Controlled purity metal 
was used m the test to eliminate the effect of impurities m the metal on the 
corroMon rate 

Salt solutions as well as distilled water ‘:aturated with CO are much more corrosn e 
than similar solutions containing amounts of the gas normally present 

Temperature The effect of increasing temperature on the corrosion rate of 
controlled purity alloys m 3% NaCl is also •shown in Fig 2 The increasing rate of 
corrosion with jncrea«e in temperature of the ternary alloy compared to the 
relatively constant rate for pure magnesium may be due to the presence of small 
amounts of impunties m the former that become acta e at higher temperature The 
cune for this alloy may not be typical for all ternary alloys variations in alloy 
and heat treatment hav e produced differences m the shape of the curve 

• The Dow Cheni cal Co M diand M ch 
E E Schumacher aod G S Ph pp« Trant EUet wAem Soc 68 309-319 (1935) 



Table 1. MAGNESIUM ALLOYS 
Composition, Properties, and Designations 
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•Where the designation is followed by X the compositions contain 0.005% Fe max., and 0.005% Ni max, for improved resistance to salt water, 
t C is as cast; HT is solution beat-treated; HTA is solution beat-treated and aged to cause precipitation. / 
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As shown by Tig 3 Jess concentrated media such as Midland tap water containing 
70 ppm chloride not only cause little corrosion but also less increase in corrosion 
rate with rise m temperature 



( 2 3 9 7 (O 20 30 90 70 100 200 300 900 

TIME- DAYS 


Fig 1 Effect of Duration of Test on the Corrosion Rate of Magnesium and Magnesium 
AUoys in a 3% NaCl Medium 

Specimen size — ^3 8 cm (1 3 lo-) long by 1 9 cm 8)75 in.) diam. 

Surface preparation — Aloxite ground. (Alomta u a trade-mark for aa aluminum oxide poliebing 
cloth ) 

Temperature — 35“ C (9o* F) 

Aeration — probably a r-eatuiated 

\ olume of testing eolution — 100 mL 

Type of test — alternate immersion, 30 sec m medium 2 mm w air 

Because of localized impurities the Mg-1.5%Mn alloy shows a greater tendency 
toward severe pitting with increasing temperature than controlled purity alloys 
contammg aluminum 
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When cathodic impurities such ns iron, nickel, and copper are present in amounts 
greater than their tolerance limit,* the corrosion rate and tendency to pit severely 
increase rapidly, even for small increases in temperature. With impure alloys a 
thirtyfold increase in rate has been obtained by increasing the temperature of the 
3% NaCl medium from 17° C (62° F) to 55° C (131° F). 

pH. In general, magnesium alloys are resistant to alkalies and are strongly attacked 
by acids. Sodium chloride solutions containing appreciable quantities of alkali attack 
magnesium and its alloys at a very low rate. With increasing pH above the point 



•c 10 zo 30 40 50 60 70 80 90 100 

•F 50 68 86 104 122 140 158 176 194 212 


q: 

«< 

ta 

>- 

or 

la 

a. 


z 

o 

(C 


TEMPERATURE, 


Fio. 2. Effect of Temperature and Aeration on the Corrosion Rato of Cast Magnesium in 

3% NaCl. 

Specimen eizc— Mg: 7.5 X 2.5 X 1 cm (3 X 1 X 0.4 in.V Mg-6% Al-3% Zn-0.2% Mn: 3.G X 1.9 
cm dinni. (1.4 X 0.75 in. diam.). 

Surface preparation — Aloxite ground. 

Duration of test — 7 days. 

Volume of testing solution — 355 ml /sq cm/(55 ml /eq in.) 

Velocity — stirred by gas bubbling through porous alundum cnioible. 

Aeration — • O 2 - or Nraaturated 


at which Mg(0H)2 is formed (10.2), the effect of both impurities in the metal and in 
the corroding media is apparently overshadowed by the greater tendency for film 
formation. In a medium cornposed of 4% NaCl, a corrosion rate of 15 to 30 mdd 
is obtained at 35° C (95° F), whereas in 48% caustic liquor solution containing the 
same amount of NaCl, the rate is only 1 to 2 mdd. 

Salt SoLtrriONS 

Of the halides, chloride solutions are normallj. more corrosive, apparently becabse 
of the relative ease with which the small ion penetrates the hydroxide film. Neutral 
or alkaline fluorides form insoluble MgFo and are not appreciably corrosive. 
Ammonium salts usuall 3 ’ show more attack than alkali metal salts. Oxidizing salts, 
espcci.allj^ those containing chlorine or sulfur atoms, are more corrosive than non- 

• The tolerance limit is defined as the critic.al concentration of an alloyed component of magnesium at 
which a discontinuity in the corrosion rate occurs. 
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oxidizing 'alts but chromates \anadatc3 phosphates, and many others are film 
forming and tend to retard corro ion at other than ele\ated temperatures 



«C 0 10 20 30 40 50 60 70 80 90 100 

•F 50 68 86 104 (22 140 158 176 194 212 


TEMPERATURE 

Flo 3 Corrosion of Magnesmm Alloys in Tap Water (Note expanded \ertical scale 
compared to Fig 2 ) 

Specimen sue — 5 X 23 XI cm (S X09 X04 ia.t 
Surface preparation — Alosjte ground. 

Aeration and velocity — aat eonvect 
t olume of lasting soJution — 200 mL 
Duration of test — 14 dai b 
T e*t — continuous unmerBion. 

Table 2 chotvv the effect of various oxidtang and non-oxidiziag salt ‘solutions on 
the corro ion of a controlled punty commercial magne mm alloy 'When impuntico 
are pre ent m the alloj* m amount greater than their tolerance limits the corrosion 
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rate will increase rapidly in most salt solutions. Chromates and fluorides and the 
alkaline non-oxidizing salts are exceptions. 


Table 2.' CORROSION OP MAGNESIUM ALLOYS IN SALT SOLUTIONS 

Alloy — Mg-S % Al-1 % Zn-0.2 % Mn. 

Specimen size — ‘7.5 X 2.5 X 0.15 cm (3 X 1 X 0.06 in.). 

Surface preparation — HNO 3 pickled. 

Temperature — 35° C (95° F). 

Volume of testing solution — 100 ml. 

Duration of test — 7 days. 

Test — alternate immersion — 30 sec in solution, 2 min in air. 

Concentration of solution — 3% by weight. 


Acid Salts 

Corrosion 
Rate, mdd 

Neutral Salts 

Corrosion 
Rate, mdd 

Alkaline Salts 

Corrosion 
Rate, mdd 

Aluminum sulfate 

112 

Non-Oxidizing 
Sodium chloride 

14 

Sodium silicate, meta 

0.7 

Zinc chloride 

770 

Sodium bromide 

6 

Sodium sulfite 

2 

Sodium acid tartrate 

155 

Sodium iodide 

29 

Sodium borate, meta 

5 

Sodium dihydrogen 
phosphate 

85 

Sodium fluoride 

3 

Sodium phosphate 

3 

Ammonium persulfate 

405 

Sodium sulfate 
Sodium nitrate 

Oxidizing 

Sodium chromate 

8 

5 

2 

Calcium hypochlorite 

155 

Sodium dichromatc 

4 

Sodium chlorate 

59 

Sodium hypochlorite 

5 

Ferric sulfate j 

297 

Sodium pyrophos- 
phate 

51 

Sodium iodate 

40 


The effect of NaCl concentration on the corrosion of a Mg-0.5% Mn and a 
controlled purity Mg-6% Al-1% Zn-0.2% Mn alloy is shown in Fig. 4. Tests of bare 
magnesium alloys in a 20% NaCl spray box at 35° C (95° F) also gave rates 
approximately double those obtained in 3% NaCl alternate immersion tests at the 
same temperature, the rate apparently correlating with the concentration. 

Sea Water (Refer also to Table 15, p. 412). The corrosion resistance of magnesium 
alloys subjected to continuous immersion or tidewater immersion in sea water shows 
good correlation with results obtained in 3% NaCl. Iron, nickel, and copper impuri- 
ties in the alloy show a deleterious effect on the corrosion resistance. 

The effect of increasing iron content is clearly indicated in Table 3. The significant 
improvement provided by painting is shown, but, even when painted, the effect of 
purity is apparent. 

Similar results were obtained on cast and wrought 35 cm X 10 cm X 0.7 cm 
(14 in. X 4 in. X 0.25 in.) panels exposed to tidewater immersion at Hampton Roads, 
Virginia.i When painted with two coats of P-27 zinc chromate primer* and two 
coats of aluminum pigmented V-10 varnish* alloys having an impurity content 
below the tolerance limit showed good corrosion resistance, whereas alloys above the 
tolerance limit showed poor resistance. Alloys containing high nickel suffered most, 

* P-27 is a Na\-y specification inhibitive primer containing 85% of the pigment as zinc chromate in a 
synthetic vehicle. V-10 is a phenol formaldehyde spar varnish containing 680 grams (1.5 lb) aluminvim 
powder per gah 

' W. H. Mutchler, unpublished work for NACA, the Army Air Forces, the War Department and the 
Bureau of Aeronautics, Na'V'j' Department. 
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Fig 4 EITect of Sodtuio Chloride Conccotratioo on CorrosioD Rate 


'>pec men * 3e — 7 5 X 5 a X 0 tC cm (3 X 1 X 0004 in.) 
Surface preparation — Aloxite ground 
Temperature — 35* C Oo' F> 

Aeraton — nat eonveet 

Volume of test ng solution — 100 ml 

Duration of teat — 14 days 

Test — alternate immers on — 30 s«« n solution 2 mu in arr 


Table 3 EFFECT OF IRO’^ CONTENT HEAT TREATMENT AND PAINT- 
ING ON THE CORROSION RATE OF Mg-e% A1 3% Zn-0 2% Ain ALLOY IN 
FLOM ING TIDEWATER KURE BEACH N C 

Spec men — %A1 3% Za-O 2 % Mu casting 

Spec men a ze — Cast ng area 360 eq cm (56 eq in ) 

Surface preparat on — HNO lljSOipcWe 

Tetnperatttre — ‘’o'C (77'F) summer lO’C (50* F) winter 

Aeratioa — probably saturated with oir 

\elocity of sea water — -about 60 metem (200 ft) per mm 


Compos t on j 



CorroB 

on Rate mdd 



%Zn 

1 

% 

%Ye 

%M 

Effect of Ifeat I 

Treatment I 

As-Cast — 
Painted 

Dnratioii 

of 

Teat days 

As 

Cast 1 

Homog 

Aged 

of 

Test days 

1 Coat P 27 

2 Coats 

V lOAL 

6 0 

a 1 

0 23 

<0 001 

<0 001 

13S 

14 1 

33 

43 

320 

N1 

6 0 

2 8 

0 32 

0 006 

! <0 001 

138 

12 : 

60 

82 

320 


6 0 1 

3 0 

0 24 : 

0 009 

' <0 OOl 

138 

125 1 

2o6 

I9o 

' 320 

20 
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Acids 

Inorganic. Magnesium is attacked rapidly by all mineral acids except hydrofluoric 
and chromic. The corrosion rate increases with increase in cathodic impurity content 
in the metal. Hydrofluoric acid, because of the formation of an insoluble MgT^ film, 
does not attack magnesium to an appreciable extent at concentrations above 
approximately 2%, except at the solution line in open containers. At the solution 
line, especially at low concentrations of acid, pitting develops. With increasing tem- 
perature, the rate of waterline attack increases, but to a negligible extent elsewhere. 
Table 4 shows the effect of concentration at room temperature on the rate of attack. 
The increasing rate at lower concentrations represents the pitting developed at and 
just above the solution line. 

TABLE 4. EFFECT OF HYDROFLUORIC ACID CONCENTRATION ON THE 
CORROSION OF MAGNESIUM 

Specimen size — 10 X 1-5 X 0.1 cm (4 X 0.6 X 0.04 in.). 

Surface preparation — • ground. 

Temperature — 25° C (77° F). 

Aeration — nat. convect. 

Volume of testing solution — 100 ml. 

Velocity — quiescent. 

Duration of test — 1 week to 4 months. 




Corrosion Rate, mdd 

Composition 

Type of Test 

HF Concentration, % 

__ 



GO 

48 

30 

20 

10 

5 

1 

Mg 

Mg-8%Al-0.2%Mn 

Total immersion 

Half immersion 

2 

0.5 

2 

32 

30 

23 

91 


Chromic acid, when pure, attacks magnesium and its alloys at a very low rate, but 
traces of chloride or sulfate ions greatly increase this rate. There is some tendency 
for intercrystalline attack. A boiling solution of 20% chromic acid is widely used to 
remove corrosion product from magnesium alloys because of the solubility of 
Mg(OH )2 and resistance of magnesium to this' medium. A small amount of silver 
nitrate is normally added to precipitate chlorides. 

Organic. Most organic acids appreciably attack magnesium and its alloys. The 
stronger acids such as acetic and tartaric are often used at about 10% concentration 
to pickle cast and wrought products. 

The corrosion rates in a variety of acids are shown in Table 5. 

/ 

Alkalies 

Magnesium and its alloys exhibit good resistance to attack by alkalies. Dilute 
solutions show negligible attack at temperatures up to the boiling point. Sodium 
hydroxide or caustic liquor solutions containing 50% solids produce little attack 
at temperatures up to about 60° C (140° F). Temperature is critical, for at 60° C 
(140° F) the corrosion rate increases appreciably, and at 70° C (160° F) very rapid 
corrosion ensues. The chloride content of caustic liquor apparently causes an increased 
rate of attack at 60° C (140° F). These data are shown in Table 6. For temperatures 
in excess of 100° C (210° F) the rate of attack increases rapidly with temperature. 
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Table 5 CORROSlOX OF MAGNESIUM ALLOYS IN ORGANIC ACIDS 

Specimen sue — S X3 X 02 cm (2 X 1 2 X 0 08 in.) 

Suriace prepnration — grouDd. 

Temperature — room 

Aeration — nat. convect 

\ olume o( testing BnlutKm — 100 mL 

1 tloeity — quieaccDt 

Duration of le»t — 30 days. 


j 

% ConeeDtratioD 

j Corroeion Rate 

Mg 15 

%Mn 

1 Mg-6%A1-02%MD 

mdd 

ipy 

mdd 

ipy 

Acetic 

1 

900 

0 720 

1000 

0 800 

Lactic 


1300 

1 01 

172 

0 138 

Tannio 

0 5 

42 

0 034 

24 

0 019 

Tomato juice 

Pure 

213 

0 170 

230 

0 189 


Table G CORROSION OF MAGNESIUM ALLOIS IN SODIUM n\DROXIDE 

Alloy — Mg l0''eAl-02%Mn- 

Speciroentue — 7 oXZoXOScm (3X1X02 in.) 

Surface preparstion — acid pieUed- 

loluine of tfatiag aolutios — 1 liter (escept tboM to pdanl eeltlisp twi) 

Teet — eontjnuous immereioo to Saak fitted aitb reflux condenKf or id caustic plant settling tank. 


CoseentratiQD 
Cxpoeure Conditiona 

Test 

Duration ds}i 

Temperature 

< 

Corrosion Rate 

•c 

•F 

mdd 

ipy 

50^e CP— refluxing 

21 

CO 

140 

By eoDveetioD 

1 

0 001 

4S^ Liquor — refluxing 

7 

GO 

HO 

By eonvectioD 

14 

0 011 

48<^ Liquor — eetiting tank 

60 

30 

80 

Aerated 

3 

0 002 

48% Liquor — refluxing 

7 

GO 

HO 

Aerated 

13 

0 012 

48% Liquor — settling tank 

10 

70 

ICO 

Aerated 

423 

0 336 


Aqurotis Solotions of Organic Compoitvds 

Magnesium and its allots are resistant to aqueous solutions of many organic 
compounds at room temperature, but at eletated temperatures for extended periods 
of time inhibitors may be neceS'aiy to preteat exce^ite attack Alcohols, Trith the 
exception of methanol produce hllie or at most a moderate attack 

Solutions of elhj lene glj col and water at normal temperatures produce negligible 
attack of magnesium or magnesium galramcaU> coupled to "teel At temperatures 
such as 115“ C {240" F) the normal corrosion rate increases to some extent and 
gahamc corro^on will oc-ur unless the •solutions are inhibited The presence of 
hjdrolj Zable chlondes as impurities will greatly mcrea-e the rate of attack Etbjlene 
gljcol containing triethanolamine and H 3 PO 4 «uch as that specified for aircraft 
engines produces negligible attack e^en at 125* C (260* F) at couples of magnesium 
and <teel 0S% NaF is a good inhibitor Table 7 shows the effect of normal and 
galianjc corro'ion on magnesium a]Io{>a m this medium at room and elevated 
temperatures 

The Mg-I.Sf&Ma alloj ha« been used extensirelj especiallj m England for 
aircraft gasolme tanks Gasoline shows no tendency to attack magnesium and 
gasoline-water mixture^ produce negligible corrosion, but the addition of tetraethyl 
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Table 7. GALVANIC CORROSION OF MAGNESIUM-STEEL COUPLES IN 
ETHYLENE GLYCOL AND WATER MIXTURES AT ROOM AND ELEVATED 

TEMPERATURES 

Magnesium alloy — (1) Mg-6% Al-0.2% Mn; (2) Mg-8.5%Al-0.5%Zn-0.2%Mn. 

Ratio areas, Mg :Fe — -3 : 1. 

Specimen size, Mg — ■ 7.5 X 3.0 X 0.5 cm (3 X 1.2 X 0.2 in.). 

Surface preparation — Mg, ground; steel, as rolled. 

Aeration — nat. convect. 

Volume of testing solution — 100 ml. 

Velocity — quiescent. 


V Solution Composition 

Temperature 

Time, 

hours 

Mg 

Alloy 

Galvanic 

Couple 

Corrosion Rate 

Type Attack 

°c 

n 

mdd 

ipy 

75% Ethylene glycol 

35 

95 


(1) 

Mg-Fe 

1 


Slight galvanic 

95% Ethylene glycol 

127 

261 

100 

(2) 

Mg only 

15 


General 

60 % Prestone 

115 

239 

100 

(1) 

Mg-Fe 

60 

0.048 

Severe galvanic 

60% Prestone -f- 0.5% NaF 

115 

239 

100 

(1) 

Mg-Fe 

23 


Some galvanic 

95% Air corps Prestone 

127 

261 

100 

(2) 

Mg only 

7 


General 

95% Air corps Prestone 

127 

261 

616 

(2) 

Mg-Fe 




No galvanic 


lead and ethylene dibromide to raise the anti-knock rating causes a greatly increased 
tendency to attack, especially at the water line. With aviation-type gasoline, tetra- 
ethyl-lead attack may best be prevented by the use of slushing compounds containing 
zinc chromate. When the use of slushing compounds is not feasible, the addition of 
bags or special capsules containing zinc chromate and an alkaline salt such as 
CaCOs or MgCOa to the sump of the tank will provide satisfactory inhibition. 
Sodium and chromium glucosates are also effective. 

Table 8. CORROSION OF MAGNESIUM ALLOYS IN AQUEOUS SOLUTIONS OF, 
OR MIXTURES WITH ORGANIC COMPOUNDS 

Specimen size — 7.5 X 3 X 0.5 cm (3 X 1.2 X 0.2 in,). 

Surface preparation — ground. 

Aeration — nat. convect. 

Volume of testing solution — 100 ml. 

Velocity — quiescent. 

Test — continuous immersion. 


Media 

Temperature 

Test 

Duration, 

days 

Composition of 

Mg Alloy 

Corrosion Rate 

B 

B 

Al 

Zn 

Mn 

mdd 

ipy 

18% Formaldehyde 

Room 


120 

4.0 

. . . 

0.3 

6 


50% Glycerol 

100 

212 

14 

6,0 


0.2 

15 


Buttermilk 

8 

46 

30 ' 



1.5 

65 


95% Carbon tetrachloride* 

Boil 


10 

6,0 

3.0 

0.2 

6 


95% Perchloroethylene* 

Boil 


10 

6,0 

3.0 

0.2 

1420 

1.136 

50 % Soaps 

25 

77 

120 

6.0 

3.0 

0.2 

4 



* Half immersed in liquid and half in vapor phase. 


Table 8 shows the corrosion rates obtained with a variety of organic compounds 
dissolved in or mixed with water. In the case of soaps, an average rate for a large 
number of types is given. The high rate of corrosion in perchloroethylene is due to 
steam corrosion in the vapor phase below the reflux condenser. 
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Velocity 

Few quantitatne data showing Ibc effect of velocity on the corrosion rate are 
available Inasmuch ag the protection of magnesium from corrosion depends upon 
film formation it would be expected that aclocity would be critical when it is 
suSieicntl> high to affect the protectiae hydroxide film In a 15% hjdrofluonc acid 
solution howeier an impeller turning at rates up to 4C meters (150 ft) per nun 
showed no effect of 'elocitj 

Gal\amc CouruNG 

hlagne lum and its allots are normallj strongly elcctroncgatn e (anodic) in 
character and haie a pronounced tendencj to go into solution when m electrical 
contact with other metals m an clectrol>te The corrosion of magDe=ium being largely 
cathodically controlled the polanzation characteristics of the coupled cathode will 
largely control the gahanic corrosion In a J igJilj conducting medium syeh as 3% 
>.aCl most metals will not fiolanze to the magnesium potential until a relatively 
high current dcnsitv is reached In contact with metaU such as steel or nickel very 
high corrosion currents are obtained in mo t highly conducting media An esceptioa 
to this Is the Al-57eMg met alloy which normally polarizes at a very low current 
density 

The cooductnitj and compo«itiOD of the medium in which a couple is immersed 
are controlling factors in the rate of gahanic corrosion Equal areas of various 
cathodic materials and a magnesium alloy were tested by continuous immersion in 

T-LSia 0 CORRO'nON OF Mg-C% At 3% 7 d- 02% Mn ALLOY GALVAMCALLY 
CONNECTED TO OTHER METALS IV VARIOUS MEDIA 

S 2 eo{«p«c X13 X02cm(15X05x0079t&.) 

Rets ve ar«u -—It (mounted tace to lace) 

Surface preparat on — Alocte loOerouad 

Tesiperature — - room 

Aeraton nat coovect 

Volunje of test ng sotut oa — 100 ml. 

\ elocity — quiescent, 

Dural on of teat — 0 ^ NaCl 3 hours Vf dland lap water 34 boim Dia! lied trater 4 daya 


Dias milsr Vlelal 



Oorros oa Rate 

ndd 


3% ^BC1 

tlfidfand 
Tap W ater 

Dial Ued Water 
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19 
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40 

4 
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3% NaCl, Midland tap water containing approximately 70 ppm chloride, and in 
distilled water. The effect of anode to cathode distance was also investigated 
(Table 9). 

All commonly used metals will cause galvanic corrosion of magnesium in a strong 
chloride electrolyte. Cadmium or zinc plating of the more cathodic metals such as 
iron or steel will reduce the galvanic corrosion to one tenth the rate; a reduction in 
the conductivity, e.g., a change from 3 NaCl to tap water, will effect an even 
greater reduction. - 

Under conditions where the corrosion product is not continuously removed or 
under conditions of high cathode current density where the surroundings may 
become strongly alkaline, both the magnesium and an amphoteric contacting metal 
such as aluminum maj" suffer severe attack. Aluminum alloys containing appreciable 
magnesium, such as 52S, 53S, or 56S,* are least severely attacked in chloride media 
when galvanically coupled. This fact was observed in exposed galvanic couples of 
magnesium and aluminum allo 3 's to tidewater, and in the atmosphere at Hampton 
Roads, Virginia.2 

After one j’car of tidewater exposure of unpainted magnesium alloy riveted panels, 
the heads had corroded off 53ST rivets, and A17ST rivets had completely distinte- 
gralcd ; but AM55S ( Al-5% Mg) rivets were unattacked. Similar but much less 
pronounced results were obtained in atmospheric racks located at the ocean 
shoreline. 

The exposure conditions, whether in aqueous media or in the atmosphere, com- 
pletely dominate the galvanic effects produced. Figure 5 shows the relative amount 
of corrosion at a contact between a cadmium-plated steel insert and magnesium 
alloy plate after exposure unpainted to 3% NaCl solution. Midland industrial 
atmosphere, and to marine atmosphere at Kure Beach, North Carolina. At the latter 
station, exposures were conducted at two locations — 24 meters (80 ft) and 242 meters 
(800 ft) from the ocean. The magnesium alloy plate was given a dichromate treat- 
ment after the insert was pressed into place. In 3% NaCl more galvanic corrosion 
had occurred after 18 hours of continuous immersion than in 9 months at the station 
located 24 meters (80 ft) from the ocean. 

The use of tcmarj" Mg-Al-Zn alloj's rather than the Mn-Mg alloy may materiallj’' 
affect the galvanic corrosion of the couple. The Mg-6% Al-3% Zn-0.2% Mn was 
much less severely attacked than the Mg-1.5% Mn alloy in tidewater and sea coast 
atmospheres when exposed while coupled to aluminum alloj's.^ The use of aluminum 
ftlloj’s containing magnesium, such as 52S or 53S, will, in most cases, satisfactorily 
reduce galvanic corrosion of the magnesium afloj^ and, at the same time, eliminate 
simultaneous corrosion of the aluminum. Cadmium or zinc plating of the cathode 
material will diminish galvanic corrosion. Protective treatments applied to the 
magnesium or to the coupled metal, e.g., anodized aluminum, provide some pro- 
tection, but in severe media are of value only when assemblies are painted. Good 
paint adhesion and freedom from porositj’’ arc espcciallj’’ important on the cathode, 
serving Ihcrcb.v to decrease its effective area. 

Under severe conditions of expo.sure where contact, for example, with cadmium- 
plated steel bolts will cause pronounced giilvanic attack, the use of 52S aluminum 
alloy washers maj' prevent it. Table 10 shows the results of 20% NaCl spraj' tests 
on counlcs consisfine- of mamesium nlate Ihroiiah which cadmiiim-nlated steel bolts 
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were inserted Area relationships were varied by u«ing different sizes of bolts with 
cadmium plated steel 52b or 56S aluminum allo> washers The 56S alloy usually 
produces no galvanic corrosion of magnesium but when used as a wa her m a 
couple im oh ing a cadmium plated steel bolt and magnesium it not only suffers 
severe attack but aho causes galvanic attack of the magnesium On the other hand 



3% ISaCl — Contuiuous Midland Mich — Industrial 
Immersion 18 Hours Atmosphere 17 Months 



Kure Beach N C —800 Ft Kure Beach N C — SO Ft 
from Ocean 9 Months from Ocean 9 Months 


Tig 5 Effect of Alroosphene Eitposure and 3% NaCl on Galvanic Corrosion of a Mg-6" 
Al-1% Zn O 2% ^In Alloy Containine Cadmium Plated Steel Inserts 

Specimen eiie (area) — ‘Steel insert 1“’ sq cm (1 9 sq in ) Mg-6% AJ 1*^ Zn-O 2% Ma 99 sq cm (lo 
sqm ) 

Surface preparation — dichromate treatrocDt. 

Temperature — 3*0 I'aCI solution 3o*C (9a* F) Midland, "Vlich. VVioter 6*C(21*F) average temp 
Summer 22* C (71* F) average temp 

Aeration of 3% NaCl solution — nat convect 

Volume of 3*0 NaCl solution — 300 ml 

in sev ere media 523 causes attack of magnesium alloj's but m confacU such as the«e 
where the cadmium plated steel bolt and the magnesium are m the same galvanic 
couple the 523 protects the magnesium T\ hen painted with one coat of primer and 
two coats of lacquer after a!,.emblj, no corrosion occurs until after 250 hours in 
the salt spraj and no «erioua breakdown take place after 2000 hours ^ ith cadmium- 
plated steel washers corrosion takes place after 50 hours, and the attack is serious 
after 100 hour® even though the couple is pamted 
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Table 10. USE OF ALUMINUM ALLOY WASHERS TO REDUCE GALVANIC 
CORROSION BETWEEN CADMIUM-PLATED STEEL BOLTS AND A Mg-6% 
Al-1% Zn-0.2% Mn ALLOY SHEET IN 20% NaCl SPRAY 

Size of magnesium sheet — 7.5 X 15 X 0.15 cm (3 X 6 X O.OG in.). 

Surface preparation — Mg, dichromate treatment; Al, anodized CrOs; Fe, Cd-plated. 
Temperature — 35^ C (95° F). 

Air pressure — 12 to 15 psi. 

Volume of testing solution — 2.63 ml/min. 

Duration of test — 200 hours. 

Angle of specimen — 10" from vertical. 


Corrosion, % Loss in Weight of Sheet and Washer 


Washer Alloy 

i 

Area of Sheet — 104 sq cm 

Area of Washer — 1.3 sq cm 

Area of Bolt Head — 1.2 sq cm 

Area of Sheet — 101 sq cm 

Area of Washer — 1.7 sq cm 

Area of Bolt Head — 1.6 sq cm 

Sheet ' 

Washer 

Sheet 

Washer 

Cd-Piated Steel 

9.83 



0.17 

52ST Aluminum 

0.91 



1.68 

56S Aluminum 

1.35 



3.84 

Blank Sheet 

0.53 



.... 


Another means of materially decreasing galvanic attack, especially in the case of 
inserts, is to increase the distance between dissimilar metals by use of inset calking 
, compounds applied in a groove, machined either in the insert or in the magnesium 
alloy immediately adjacent. Non-conducting washers between dissimilar metals will 
produce the same result. 

Inhibitois in aqueous systems may radically decrease galvanic corrosion. Alkaline 
chromates, fluorides, and sulfides are especiallj'^ effective. The addition of magnesium 
' or calcium nitrate to chloride-containing solutions also provides inhibition apparently 
due to the precipitation of a magnesium or calciun} salt on the cathode. Table 11 
shows the effect of chromates in diminishing galvanic corrosion. 

Table 11. EFFECT OF CHROMATES ON GALVANIC CORROSION 
OF MAGNESIUM COUPLED TO STEEL 

Galvanic couple — Mg-0% Al-3% Zn-0.2 % Mn : Mild steel. 

Relative area Mg : Fe — 1:1 (mounted face to face). 

Distance apart — 0.35 cm (0.138 in.). 

Surface preparation — Aloxite 150 ground. 

Temperature — room. 

Aeration — nat. convect. 

Volume of testing solution — 100 ml. 

Velocity — quiescent. 

Duration of test — 20 hours. 


Solution 

Corrosion Rate, mdd 

Midland Tap Water 

320 , 

Midland Tap Water 4" 1 % Na2Cr04 

4 

Flint City Water 

1000 

Flint City Water + ZnCrOj 

530 


Mechanical Factors 

Stress. Stress does not appear to have any effect on the basic general corrosion 
rate of magnesium and its alloys. Even under a stress approaching the ultimate 















Fig 6 Effect of Umfonn Direct Tensioo Stress on the Tune to Fracture of Magnesium 
Sheet AUo>s in Z% NaCI 

Specimen me — Cm (0 5 in) A 8 T M eheet tensile lest bars, 0 16 cm (00C4 in.) thick. 

Surface preparation— -chrom^pickled 
Aeration — oat con'ect 
t olume of teetiDg solution — ICO mb 

Aele An arrow at a point indicates that ibe specimen bad not failed at this time in the testing ejela 



Specimen sire — 12 cm (0 5 in) A.S T AL aheet tensile test ban, 0 16 cm (0 064 ul) thick. 
Surface preparation — Alonte ground. 

Aeration — nat. eonvect. 

^ olume of testing solution — ICO mL 
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strength, the steady state potential of an alloy does not vary from the original 
potential by more than approximately one millivolt. 

However, in some media, at stresses depending on the medium, alloy content, 
and metallurgical condition of the alloy, stress corrosion cracking may occur. In 
alkaline media above a pH of 10.2, magnesium alloys appear to be very resistant. 
In neutral solutions containing chlorides and even in distilled water, sensitivity to 
cracking exists. Especially rapid cracking occurs in electrolytes containing both 
NaCl and K 2 Cr 04 . In chromic acid solutions failures do not occur, although the 
addition of a small amount of chloride will provide a medium that can induce 
cracking. Magnesium alloys are resistant to this failure in fluoride or fluoride- 
containing electrolytes. 



Fig. 8. Effect of Uniform Direct Tension Stress on the Time to Fracture of Mg-3% Al-1% 
^ Zn-0.3% Mn sheet in a 3.5% NaCl -f- 2.0% KzCrOi solution. 

Specimen size — 1.2 cm (0.5 in.) A. S T. M. sheet tensile bars, 0.16 cm (0.064 in.) thick. 

Surface preparation — Aloxite ground. 

Aeration — nat. convect. ‘ 

Volume of testing solution — 160 ml. 

Magnesium, Mg-1.5% Mn alloy, and the casting alloys do not appear to be 
sensitive to stress corrosion cracking at stresses up to their yield point in chloride- 
containing media. Sheet alloys containing aluminum, zinc, and manganese are 
sensitive to a chloride medium at stresses well under their yield point, the sensitivity 
being dependent on the alloy content and the metallurgical condition of the metal. 

Figures 6, 7, and 8 show stress-time curves obtained in 3% NaCl and in the salt- 
chromate medium for a Mg-6% Al-1% Zn-0.2% Mn and a Mg-3% Al-1% Zn-0.3% 
Mn sheet, in the hard-rolled, low-temperature annealed, and fully recrystallized 
states. From a comparison of these graphs and Figs. 21 and 22, it is apparent that 
the precipitated state achieved by cold rolling, followed by low-temperature precipi- 
tation of a second phase, provides maximum resistance to stress corrosion in the 
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salt-chromate and atmospheric media la a 3% NaCl medium, maximum resistance 
Is obtained by cold rolling without subsequent precipitation In a salt-chromate 
solution, the stress to produce failure is critical, inasmuch as craclcing either occurs 
within a \ery few mmutcs or the matenal will stand the stress for a prolonged period 
of time In the 3% NaCl medium, a much more gradual slope is obtained, cracking 
apparently being more a function of time 



Fig 9 Effect of Spray Intensilj of 0 01% Sodium Chloride on the Resistance to Fatigue 
of Precipitated Mg-6% Ai-1% Zn-02% Ma sheet. 

Specimen size — Plate-type specimen 0 1C cm (0 004 in.) thick. 

Surface preparation — Aloiite sround ^ 

Temperature — about 30* C (90* F), 

Stress corrosion cracks arc normally transcostalline in both aqueous and atmos- 
pYienc media, the cracks being characteri*ed by their many lianser>slalhne side 
cracks 

Vibration Although there is no true endurance limit for magne'ium and its alloj's 
tested in. fatigue under corrosrtc conditions, the steepness of the fatigue curve laries 
with the coiTOTiie eniironment and the alloy content Data cited* on the effect of 
both alloj 3 and media show that the Mg-1 5% Mn and Mg-2% Mn-*/i% Cc alloj s 
are more resist^t to corrosion fatigue than allots contammg aluminum and zme, 

*A Beck The Technoloiii/ of Sfa^nenum and Ih ABvy$,p 23S, F A Hughes and Co , Ltd., London, 
1940 
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also media such as 3% XaCl or sea water produce a much more rapid drop in the 
fatigue curve than tap water. 

Figures 9 and 10 show data obtained on 0.16 cm (0.064 in.) sheet alloys jMg-69c 
Al-1% Zn-02% Mn and Mg-3% Al-1% Zn-0.37c Wn tested with plate-type bending 
fatigue equipment in a chloride-containing spraj'- of 0.01% IsaCl. Figure 9 also shows 
data obtained on protected and unprotected sheet to determine the effect of normal 
laboratory exposure. The two rates of spraj' shown in Fig. 9 produced the same 



CYCLES OF REVERSED STRESS 

Fio. 10. Effect of 0.01% NaCl Spray on the Resistance to Fatigue of Precipitated Mg-3% 

Al-1% Zn-0.3% Mn sheet. 

Specimen size — plate-type specimen O.IC cm (0.0G4 in.) tliick. 

Surface preparation — .Mo-rite ground. 

Temperature — about 30' C (00° F). 


decrease in fatigue strength. Both alloj-s show approximatelj- an equal susceptibilitj' 
to fatigue under corrosive conditions. Unprotected metal in the laboratorj’ atmosphere 
had a slightlj- lower fatigue strength than when protected. 

Met.vllurgic.jl F.^ctohs 

Addition Elements. Impurities such as iron, nickel, and copper have definite 
tolerance limits, and the quantity of the'c impurities in magnesium alloj's determines 
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the corrosion resistance of the resulting product in aqueous media ® This was shown 
by staitiog with ^ evy pure magnesium produced by multiple distillation and adding 
definite amounts of purified aIlo 3 ing agents to determine their effect on the corrosion 
resistance m 3% NaCl Below certain specified amounts of iron nickel and copper, 
the corrosion rate of magnesium alfojs was low Uhcn the impurities exceeded certain 



PERCENT or *Ot>EO CONST TVEKT 

F'o 11 Conxwlon of Binary Alloys 
Corrosive medium — 3% NaCL 

Sue of specimea — 3SX2oX0Gcm(15XlXO2jiii.) 

Suffsce preparation — Alontesround 
Temperature — room 
Aeration — oat. convect 

\ oluroe of testing eoliition — 100 mL 
Duration of teat — 18 weeks 

Type of test — alternate inimereioo 30 kc in medium 2miainaiT 

small amounts known as the tolerance hmita, the corrosion rate was greatly accel 
erated More recent work has shown that these same impurities largely control the 
rate of attack in set ere exposures and to a lesser extent m atmospheric exposure 
Commercial magnesium has widely xarjing corrosion rates wjthm the range of 
500 to 10 000 mdd whereas high punty magnesium has a rate of 15 to 30 mdd in 
3% NaCl Figure 11 gi'es a broad view of the corrosion of magnesium binary allojs 
with yanous common elements added Some elements are not harmful m large 

*J D Hanaivall C E. Nelson aadj A Felonbet TViiti* Am Jntt Mining Mtt Engrt laetitute 
Metals Di\-w on 147 273 (1W2) 
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Fig. 12. Effect of Iron on the Corrosion of Mg, Mg-Mn, and Mg-Zn Alloys. 
Corrosive medium — 3% NaCI. 

Specimen eite — 3.8 X 2.5 X 0,6 cm (1.5 XIX 0.25 in.). 

Surface preparation — Alorite ground. 

Temperature — room. 

Aeration — nat. convect. 

Volume of testing solution — 100 ml. 

Duration of test — 16 weeks. 

Type of lest — alternate immersion, 30 sec in medium, 2 min in air. 
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proportion but others are dctnnicntjl e\eii when present jd mmutc amounts The 
pre'ent important commercial allo) compositions come from a combination of the 
elements that are not harmful to corro ion Inasmuch as little magnesium 13 com 
mercialb u-cd m the unallowed state, the effect of the e impurities on allojs 13 of 
maximum importance 

Figure 12 horv in detail the effect of iron on the Mn and the Mg l9c Zn 

alloja m comparuon to its marked effect on pure magne^lum For the Mg-l9{?Mn 
allo\a the tolerance limit of 0017% t> unchanged from that of the magnesium alone 
Iron in amounts greater than this tolerance limit cames a smaller incrca e in the 
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Fig 13 Effect of Iron on the Corrosion of Al-O 2% Mn and Me-6% Al-0 2^ 

Mn-0^% to 3% Zn 

Corros \e mediuin — 3'^ NaCL 

Specimen ei« — 38X‘’oX06cm(15XlX 0^ in.) 

Surface preparation — Aloxite ground 
Temperature — room 

^ oluirie of test ng solution — 100 mL 
Duration of test — 16 neeVa. 

Type of test — alternate immersion 30aec in aolutioa 2 cun in air 


corroion rate of the allot's than when present in pure magnesium Similarly the 
tolerance bmit for copper is unchanged from that of pure magne lum when man 
ganese or zinc is added in ®mall amounts The addition of 02% manganese 'lightlj 
increases and 1% manganese \er> greatlj increases the tolerance limit for nickel 
The addition of 1% Zn to pure magnesium al o rai es the tolerance limit for nickel, 
but to a lesser extent than 1% manganese 

With the Mg-Al bmarj alloj> the tolerance limit for iron is strikinglj changed 
A\ith etea as little as a few hundredths per cent aluminum the tolerance limit for 
iron decrea. e' from 0017% to a few thou’iandths per cent l\ith 70% alummum it 
Is about 0 0005% iron, whereas with 100% aluminum the limit is too low to be 



MAGNESIUM AND MAGNESIUM ALLOYS 


239 


determined. When 0.2% manganese is added to the hlg-Al binarj- allo 3 's, the toler- 
ance limit for iron does not drop below 0.002%. but instead holds verj- constant over 
a wide range of aluminum content. Even a few hundredths per cent manganese is 
sutBcient to produce this effect. 

Of maximum practical importance is the effect of iron, nickel, and copper on the 
ISIg-Al-Mn and Mg-Al-Zn-AIn allo^-s. Figures 13, 14, and 15 show the residts of 
adding 0.5% and 3% zinc to the Mg-Al-0.2% Mn alloj's. Figure 13 shows that 0.5% 
zinc does not shift the position of the iron tolerance limit at 0.002%, but somewhat 
reduces the magnitude of the corrosion rates for higher percentage of iron. The 
addition of 3% zinc raises the tolerance limit to 0.003% iron and gieatlj* reduces 
the rate for concentrations of iron up to 0.018%. 

Figure 14 shows that 0.5% zinc has little effect on the corrosion behavior of 
Mg-Al-Mn-Ni alloj’s; 3% zinc shifts the tolerance limit from 0.001 to 0.002% nickel 
and reduces the corrosion rate at higher percentages of nickel. 

Figure 15 shows that 0.5% zinc raises the copper tolerance limit onh' slightly, 
whereas 3% raises it to at least 0.5% copper. 

These data serve to show that magnesium allo 3 's are characterized b 3 ' tolerance 
limits for iron, nickel, and copper when individualh’ present in allo3'3. When iron 
is present in combination with increasing amounts of copper or lead, the tolerance 
limit for iron in the Mg-Al-iMn aIlo 3 ’s decreases with increasing copper or lead. 
When present with increasing amounts of silicon up to approximate^' 0.1%. there is 
no apparent change in the tolerance limit for iron; but above this percentage its 
tolerance limit appears to be about 0.0005%. With the Mg-Al-Mn-Zn alloy's, no 
evidence for combined effects of iron and copper or lead, as noted with the Mg-Al-^In 
allo 3 ’s, is detected. 

Heat Treatment and Cold Work. The effect of heat treatment on the corrosion 
rate of magnesium allo3'S varies with the rate of cooling, the allo3'ing agents, and the 
impurit 3 ’ content of the allo 3 'S. With the Mg-1.5% Ain allo 3 ', heat treatment of sheet 
in the range from 260° C (500° F) to about 485° C (900° F) increases the corrosion 
rate and tendenc 3 ' to pit. Heat treatment at 540° C (1000° F) to 630° C (1165° F), 
followed b 3 ' rapid cooling, complete^' eliminates pitting and provides increased 
corrosion resistance. 

With controlled-purit 3 ' A'lg-Al-AIn allo 3 's containing 0 to 1% zinc, slight, if an 3 ', dif- 
ference in corrosion rate is noted between the as-fabricated, solution heat-treated, or 
solution heat-treated and aged states, if air-cooled from the solution heat-treating tem- 
perature. With similar cooling, controlled-purit 3 ' allo 3 's- containing 2 to 3% zinc show 
a slight increase in the corrosion rate in the solution heat-treated or solution-treated 
and aged states over that of the as-cast state. With allo 3 's containing iron above the 
tolerance limit, solution heat treatment will increase the corrosion rate b 5 ' a factor 
of +WO to five times, and solution heat treating and aging to a somewhat lesser extent. 
High-purity Alg-Al-AIn nllo 3 's containing no zinc corrode imiformh-, whereas the 
same allo 3 's containing increasing amounts of zinc show an increasing tendenc 3 ' toward 
pitting. The heat treatment and especialh’' the cooling rate from the solution heat- 
treating temperature appear to affect the tendenc 3 ' toward pitting. Quenching from 
the solution heat-treating temperature greatly increases both the tendenc 3 ' to pit 
and the corrosion rate, even of controlled purit 3 ' allo 3 'S. With increasing zinc content 
up to 3% the pitting cau-ed bv oucnching appears to be decreased. This effect of 
heat treatment and quenching on the corrosion rate is particularly noticeable adjacent 
to wolds corroded in a 3% NaCl solution. Severe attack ma 3 ' take place in the 
rapidly cooled heat-affected zone. Figure 16 shows the effect of heat treatins and 




Fig 15 Effect of Copper on the Corrosion of Mg-6% Al-0 2% Mn and Al-0 2% 

Mn-O 5 to 3% Za 

Corrosive medium — 3% NaCl 

Specimen size — 38X25X00 cm (15X1X023 tah 
Suriace preparation — ’Alonte ground. 

Temperature — room. 

Aeration — nat cjnvect 
Volume of testing solution — 100 ml 
Duration of teat — 16 weeks 

Type of test — alternate immersioni 30 sec an medium. 2 mm m air 
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aging (air-cooled) on the physical propertj’’ loss sustained on corrosion in 3% NaCl 
by high-purity and commercial Mg-6% Al-3% Zn-0.2% Mn alloys. 

Cold working magnesium alloj's, as by stretching or bending, does not appear to 
have any effect on the normal corrosion rate. Surface cold work such as that obtained 
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Fig. 16. Effect of Heat Treatment of Controlled Purity and Commercial Mg-6% Al-3% 
Zn-0.2% Mn Casting Alloy on Tensile Properties after Corrosion. 

Corrosive medium — 3 % NaCl solution. 

Specimen eize — A. S. T. M. 1.2 cm (0,5 in.) round test bar. 

Surface preparation — machined. 

Temperatvire — 35® C (95® FJ, 

Aeration — - nat. convect. 

Volume of testing solution — 100 ml per specimen. 

Testing method — alternate immersion — 30 sec in medium, 2 min in air. 

Heat treatment — 16 hours, 3S8® C (730° F) + air cool. 

Aging treatment — 12 hours, 177° C (350° F) -f- air cool. 

by shot or sandblasting increases the corrosion rate in 3% NaCl. The basic rate 
may again be obtained bj^ acid pickling about 0.001 in. from the worked surface. 
Shotblasting or surface cold rolling of residually-stressed magnesium alloys greatly 
increases the stress corrosion resistance, apparently by substituting compressive for 
tensile surface stress. 

Protkctito Measures 

Magnesium and its alloys may be protected from corrosion in saline solutions bj' 
the use of alkali metal or ammonium chromate, sulfide, or fluoride inhibitors. The 
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effectn eness of inhibitors i' usually specific for the conditions of exposure Chromates, 
especiailj under alkaline conditions normally proiide maximum inhibition in 
chloride media Concentrations cqunalcnt to about 10% by iv eight of the NaCl 
content are requiied Sicbol'* states that the addition of a few tenths per cent alk-R h 
chromate or bichromate to water and non reducing solutions such as the cooling 
water of internal combustion engines is sufficient to suppress all attack on water- 
cooled parts of magnesium allots as well as that caused by coupling with other metals 
The addition of alkaline salts such as calcium or magnesium carbonates or nitrates 
to chloride containing coirosue solutions appears to facilitate inhibition 

Maximum protection may be obtained through the use of chemical treatments 
followed bj painting* Protective chemical treatments are normally of the morgamc 
chromate tjpe applied either by immersion or anodic treatment Zinc chromate 
primers applied o\er chemical treatments and foHoivcd by lacquers, enamels, or 
\amishes proiide maximum protection The effect of painting on the protection of 
magnesium against sci ere exposures is shown in Fjg 24 and in Table 2 

NON AQUEOUS MEDIA 

Liquids 

Aliphatic compounds and their halide dernatiies cause little or no corrosion of 
magnesium alloys Anhydrous alcohols (with the exception of methanol which attacks 
magne«ium Mgoroudy) denatured alcohol, and the higher polyhydric alcohols 
produce little or no attack In anhydrous methanol, magnesium methylate is 
formed The attack is partially inhibited b\ addition of water, even 01% greatly 
decreasing the rate of attack Effectixc inhibilion of attack by methanol can bo 
accomplished by the oddition of 1% beet pulp distillate, ammonium sulfide, or 
chromic acid Turpentine or dimethyl glyoxime are also effective inhibitors Mag- 
nesium Is not attacked by aromatic heterocyclic compounds by ethers or by 
ketones but aliphatic acids and many of the nitrogen containing compounds cause 
appreciable corrosion Acid type inks can e pronounced corro-ioa of magnesium 
alloys but alkaline inks slioa only a moderate rate of attack 

Oils and fats at 195* C (3S0*r) produce negligible corrosive attack Fuel and 
lubricating oils liken i«e produce negligible corrosion, and the presence of water and 
gall anic couples does not appreciably increase the rate Orgamc acids in lubricating 
oils viill cause «ome increase m the rate of attack Neither ordinary gasoline nor 
high octane gasoline containing relatively large amounts of tetraethyl lead and 
ethylene dibromide cause corrosion Phenol has been stored in inagne'iuia alloy 
drums for as long as 5 years without showing attack Methyl bromide causes 
negligible corrosion 

In Table 12 typical data are given on the attack of magnesium by organic 
materials 

Gases 

Ba'^ed on limited evidence which unknown conditions may greatly modify, dry 
CIo I 2 Bro and Fo cau e only slight attack of magnesium at room temperature 
Dry Brn (002% water) at its boihng point of 58® C (136° F) apparently does not 
cause more attack than at room temperature The presence of a small amount of 

* The protection given by chemical treatments is described on pp 8B4 to 867 The painting and pro- 
tection of magnesium alloys is described in Navy Specification SR-15e 

® A Beck The TechnoJogj of Magne’i «>a and lu AUojt p 303 F A Hughes and Co Ltd London 
1040 



MAGNESIUM AND MAGNESIUM ALLOYS 


243 


Table 12. CORROSION OF MAGNESIUM ALLOYS IN ORGANIC SOLUTIONS 

Magnesiumalloy — (1) Mb- 6% Al-3% Zn-0.2 % Mn; (2) MB-1.5%Mn. 

Specimen size — • 7 X 3 X 0.5 em (2.75 X 1.2 X 0.2 in.). 

Surface preparation — ground. 

Aeration — nat. convect. 

Volume of testing solution — • 100 ml. 

Velocity — quiescent. ‘ 

Test — continuous immersion. 


Medium 

Temperature 

Teat 

Duration, 

days 

Mg 

Alloy 

/ 

Corrosion Rate 

°c 

“F 

1 mdd 

ipy 

Ethanol (95%) 

Room 

Room 

14 

(1) 

0.3 

0.0002 

Methanol (anhydrous) 

Room 

Room 

1 

(1) 

3870 

3.096 

Butanol 

Room 

Room 


(1) 

1 2 

0.002 

Beeswax 

50 

120 


(1) 

18 

0.014 

Lard 

GO 

140 


(1) 

3 

0.002 

Aniline 

Room 

Room 

30 

(2) 

2 

0.002 

Fuel oil 

Room 

Room 

50 

(1) 

0.0 


Motor oil 

120 

250 

11 

1 

(1) 

1.3 

0.001 


water causes pronounced attack of CI 2 , some attack by Br 2 , and negligible attack 
by P 2 - 

Sulfur dio.Kide in either the vapor or liquid phase causes no corrosion. After 
7% years of exposure to NHs liquid, and gas, no noticeable corrosion occurred. 
Natural gas does not attack magnesium, but the presence of water vapor may lead 
to very slight corrosion. 

Liquid or gaseous CCI 2 F 2 does not produce corrosion; however, the addition of 
water creates appreciable attack. 

The data for some of these substances are shown in Table 13. 

Table 13. CORROSION OF MAGNESIUM ALLOYS IN GASES 

Magnesium alloy — Mg-4 % Al-0,3 % Mn. 

Specimen size — 3 X 1 X 0.5 cm (1.2 X 0.4 X 0.2 in. ). 

Surface preparation — ■ ground. 

Temperature — room. 

Test — continuous exposure. 


Medium 

Duration Test 

Corrosion Rate 

mdd 

ipy 

NHs 

7 . 5 years 

0.0 

0.0 

SO 2 

14 days 

0.0 

0.0 

CH 3 CI 

14 days 

0.7 

' 0.0000 

Natural gas 

180 days 

0.0 

0 0 

CCI 2 F 2 ("Freon”) 

30 days 

0.0 

0.0 


ATMOSPHERIC CORROSION 

Indoor Exposure 

Crystals of distilled magnesium will remain mirror bright' for years when covered 
with, a glass jar that prevents deposition of dust and moisture, but does not seal 
against normal air pressure fluctuations. These same crystals, if left exposed in an 
open room, will show tarnish in a few weelcs, and in a matter of months will have 
become a dark gray.' 
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Outdoor Exposure 

Magnesium on exterior exposure gradually assumes a light gray, then dark gray 
color, exactly the 'ame as occurs on indoor exposure Bengough and Whitby? found 
that this corrosion product, after 217 days of exposure at Teddington (urban), 
analyzed as follows 

% MgCOj 311*0 61 5 

% >JgSO« 711*0 26 7 

•^MetOIIh 0 4 

^ CarboDAMOua matter 2 5 

Depending on the eniironment \anable analyses may be obtained Carbon dioxide 

absorption by the water layer on the metal with subsequent reaction with Mg(0H)2 



Fig 17 ESect of Corrosion on Tensile Strength and Elongation of Alloy Sheets Exposed 
to Industrial (Midland) Atmosphere 

Specimen size — i033 0 16 cm (0 062 in.) with 1 2 cm (0 5 in ) reduced section test bars. 1940 0 16 
cm (0 0C2 in ) X 2 o cm (1 lo.) X 17 5 cm (7 in ) sheets 
Surface preparation — Commereiat 1933 as rolled. Commercial 1940 ctrome-piekled. 

Temperature — UiDter 0‘C t2I'F) Summer 22»C(71*F) 

to form the double «a\t is believed to play an. especially important part in the 
corro ion and tarnishing of magnesium As with other metals, the corrosion product 
on the top of an exposed panel appeara to be much thinner and more compact than 
that on the bottom 

^ G D Bengough and L. Whitby, Tram Imt Chtm Sng , 11, 176 (1933) 
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Effect of Humidity. Humidity plasms a major part in the corrosion or tamisliing of 
magnesium and its alloys. Thin films of magnesium (400 A) were enclosed in containers 
and exposed to atmospheres of humidities of 9.5, 35, 50, 67, 82, and 93% for 18 
months at room temperature (no temperature control) and then examined bj' 
electron diffraction. Detectable crj'stalline Mg(OH )2 formed only on specimens 
exposed to 93% humidity. At this humidity the process consisted of the very slovr 
formation of an amorphous phase, which subsequently was conv'erted to crystalline 



Fla. 18. Effect of Corrosion on Tensile Strength and Elongation of Extruded and Cast 
Magnesium Alloy Test Bars in Industrial (Midland) Atmosphere. (Temperature — Winter; 

G° C [21° F]. Summer: 22° C [71° FJ.) 

Mg(0H)2, With 80% humidity, crystalline magnesium with 30% amorphous material 
was seen after 18 months; with lower humidities still less of the amorphous phase 
was present. At 9.5% humidity, no appreciable amorphous phase was formed in 
this time. 

Magnesium alloys react similarly with respect to time and humidity, except that 
phase mixtures of magnesium and the secondary constituent hydroxides are obtained. 
When magnesium alloys containing aluminum, manganese, or zinc are exposed to 
the atmosphere, an analysis of the film formed shows a higher proportion of the 
secondary constituent than is present in the alloy. 

Effect of Atmospheric Pollution. The slow rate of corrosion at Midland, Mich., 
where the atmosphere contains varying detectable amounts of Clo, Bro, NaOH, HCl, 
HBr, SO 2 , MgCla and other organic and inorganic compounds, would indicate that 
these do not cause rapid brealcdoum of the protective film on magne.sium. 

Extensive tensile corrosion 'data have been obtained over a 10-year period at this 
location on sheet, extrusions, and casting alloys as commercially produced in 1933. 
These alloys contained uncontrolled amounts of impurities known to affect the corro- 
sion resistance of the alloj's in chloride solutions. More recentlj' data have been 




24G CORROSIO\ LIQUID MEDIX ATMOSPHERE GASES 

obtained o\ er a 4 j ear period on the tensile corrosion los'cs of the present commercial 
controlled purity allojs The»e data are «howii m Figs 17 and 18 Although variation 
m test bar shape and in surface treatment may influence tlie results to 'ome extent 
there appears to be a detrimental effect of impuntics e\ en m an industrial atmosphere 



Fio 19 Effect of Controlled Purit> on Corro ion of Mspiesiuia Alloy Sheet Expo«ed 
under Marine Conditions 

«pec men sue — 103S 1 cm (0 S in ) tens le test bars 0 1C cm (0 0C2 in ) tb ck 1540 0 XBcm (0062 
la) X 2 o cm (1 in X 17 0 cm (7 n ) sheets 

Surface preparat on — Al-03‘o Mo as rolled Mg-C^ Al-0 2% Mn and Mg-lS'^Mn 

Bcet c p c^lc + chrome p c Je 

Marine Atmospheres Extensive data have been compiled on the effect of the 
marine atmosphere at Ivure Beach "N C on the tensile corrosion properties of 
magnesium a!lov» Both test bars and ^heet or extruded plates were exposed at 
locations 24 meters (80 ft) and 24** meter« (SCO ft) from the ocean on racks facing 
South at an angle of 30" to the honzontal The effect of corro ion on the tensile 
p opertiea of both round and flat «pecimen. expo ed at the 24 meter station is shown 
on Fig 19 and 20 The present commerc al controlled punt> allova are very resistant 
to «evere =ea coast atmoaphere At tie 242 meter station corrosion lo'^es of the 
controlled puntj wrought or even uncontrolled puntj ca^t allo}s are not great 
enough to be cigmficant after 2 years of exposure 

Gal^ vmc Coupling 

In contract to the «e\ere contact corrosion oteerved m "alt solution® atmospheric 
expcLure cames negligible attack within a year or more and the corroded area is 
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much more concentrated near the cathode. Figure 5 shows that cadmium-plated steel 
inserts in a Mg-6% Al-1% Zn-0.2% Mn alloy plate caused more severe attack of the 
magnesium in 18 hours of continuous immersion in 3% NaCl than was caused in 9 
months of exposure at Kure Beach, N. C., 24 meters (80 ft), from the ocean. Exposure 
242 meters (800 ft) from the ocean at this location causes very much less severe 



Fig. 20. Effect of Controlled Purity on Corrosion of Magnesium Alloy Test Bars Exposed 

under Marine Conditions. 

Surface preparation — Mg-8 5 % Al-0.2 % Mn, acid-picUed. 

All the others are machined. 

/ 

attack. In spite of the severe industrial atmosphere at Midland, after 1% years of 
e.xposure onl 3 ' a slight etch had developed. The relative galvanic effect of various 
metals in contact with magnesium will vary, depending on corrosive conditions, but 
is approximately the same (although much less severe) as was shown in the 3% 
NaCl test (Fig. 5). 

Mechanical Factors 

Stress. Some magnesium alloys may stress-corrode in the atmosphere.® All cases 
of stress corrosion cracking in magnesium alloj' articles noted to date have resulted 
from residual stresses. The stresses involved have resulted from welding, cast-in 
inserts, or poorl 3 '^ formed structures subsequently drawn to correct contour. The 

^ S. Loose and H. A. Barbian, Symposium on Stress-Corrosion Cracking of Metals (1944)i p. 273, The 
American Society for Testing Materials and The American Institute of Mining and MetaUurgical Engi- 
neers, Philadelphia and New York, 1945. 
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magnitude of residual stresses m tnagDCSium alloys vanes with time, alloy and 
method of fabrication 

To determine the effect of residual stresses, magnesium sheet alloys in the hard- 
rolled precipitated, and annealed states were subjected to deformation in bending 
at stresses up to appro-^imately the yield pomt Table 14 shows the days to failure 
for varying stresses at Midland and at Kure Beach, N C At Kure Beach, the 
Mg-6% Al-1 <70 20-02% Mn alloy in the hard-rolled or fully annealed condition has 
shown more sensitivity to stress corrosion cracking than when m the precipitated 
state In the marine atmosphere this alloy m the precipitated state has not cracked 
m 15 months at stresses that were originally 80% of the yield point When exposed 
m the same manner at 95 and 85% of ita yield point at Midland, failures took place 


Table 14 ATMOSPHERIC STRESS CORROSION CRACKING OF MAGNESIUM 
SHEET ALLOYS STRESSED DY BENDING TO A PERMANEN f DEFORMATION 

Specimen sue — 3G 2-43 2 X 7 S X 0 1 cm (H 25-17 X 3 X 064 jn.) 

Atmosphere — industrial (Midland) marine (Kure Beach 242 meter {SOO ft] Station) 

Exposure — tension side up 

Surface fin eh — A P — Acetic Aeid Pickle C P = Chrome-Pickle 


1 

Composition 

Metallurgical 

State 

Surface | 
Fimsh 

Tensile 
Yield 
Strength 
1000 psi 

Days to Fracture 

% Tensile Yield Strength 

A1 

Zn ! 

Mn 

05 

S') 

80 

60 






Vidland 







1 5 

Hard rolled 

Ground 

22 3 



>2200 

>2200 

3 

1 

0 3 

Annealed 12l*C 

CP 

34 2 

>450 

>450 



Q 

1 

0 2 

Annealed 177* C 

CP 

34 0 

75 

210 


>1825 






Aure Beach 







1 S 

Annealed 331* C 

CP 

18 2 



>400 

>400 

3 

I 

0 3 

Annealed 121* C 

CP 

34 2 



>400 

>400 

3 

1 

0 3 

Annealed 331* C 

CP 

22 3 



>400 

>400 

6 

1 

0 2 

Hard rolled 

CP 

40 0 



58 

>400 

G 

1 

0 2 

Annealed 177* C 

CP 

34 0 



>400 

>400 

C 

1 

0 2 

Annealed 177* C 

A P 

34 0 



>400 

>400 

G 

1 

0 2 

Annealed 331* C 

CP 

25 0 

1 


>400 

>400 

6 

1 

0 2 

Annealed 311* C 

AP 

25 0 



130 

16-> 

6 

1 

0 2 

Annealed 331* C 

Alox 

25 0 



>160 

>400 





Abraded 







m a relatively short time In cither location stress corrosion has not been obtained 
for the Mg-1 5% Mn alloy or for the Mg-3% AI-1% Zn-03% Mn alloy, indicating 
that these alloys are not particularly sensitive to stress corrosion caused by residual 
stresses The commercial casting alloys also show no evidence of marked sensitivity at 
stresses up to their yield strength ® 

Figures 21 and 22 show stress time curves for these sheet allojs based on data 
obtained from constant stress direct-tension units exposed at Kure Beach, N C 
and at a rural location (Greendale) 17 miles from Midland Standard A S T M- 
type machined test bars were given a chrome-pickic treatment, then axially loaded 
to a given tensile stress by means of lead weights or by means of large springs At 
these two locations so widely varying m corrosive atmosphere, approximately the 
same time to failure at a given stress on identical alloy batches was obtained The 


'A Deck TheTechnologyof MagnenumandllaAliotn p 294 F A Hughes and Co ltd London 1940 
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time of year at which exposure starts has some effect on the shape of the stress- 
time curve, factors such as rainfall and dew apparently affecting the time to fracture. 

Contrary to results obtained using constant deformation tests, the Mg-3% Al-1% 
Zii-0.3% Mn alloy will fail by stress corrosion, but the time to failure at a given 
stress is very much longer than that required to crack the higher-aluminum-containing 
alloy. The stress corrosion limit in the atmosphere for the Mg-3% Al-1% Zn-0.3% 


- 
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Fig. 21. Stress Corrosion under Rural and Marine Conditions of Mg-6% Al-1% Zn-0.2% 
' Mn Sheet. 

Specimen size — standard A. S. T, M. test bars 0.16 cm (0.064 in.) thick 
Surface preparation — chrome pickle. 


Mn sheet alloy appears to be about 16,000 to 20,000 psi after more than a year of 
exposure at constant stress. The Mg-6% Al-1% Zn-0.2% Mn alloy is very much more 
sensitive to stress corrosion, having failed at 10,000 psi in approximately 100 days. 

Protection from stress corrosion maj^ be accomplished by a stress relieving heat 
treatment or, with sheet, by cladding with the more anodic Mg-1.5% Mn alloy. Clad 
sheet constantly stressed at 90% of its yield point has not failed after 6 months of 
exposure. As-welded clad structures have not stress corroded after more than two 
years of exposure. Painting or shot peening are other means of delaying or eliminating 
the possibilit 5 ^ of stress cracking of residually stressed structures. 

Vibration. No data are available on the effect of various atmospheres on the 
fatigue strength of magnesium alloys except those shown in Pig. 9. From these data, 
the effect of alternating stresses would be expected to vary widely, depending on 
the corrosive environment. 
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Metallurgical Factoes 

As di«cu« ed pre% louslv impurities m magnesium and its alloys such as iron, nickel, 
and copper \ery largcb control the corrosion characteristics in aqueous media ^\h^lc 
le«s significant the^e impurities also cau e some increase in corrosion in industrial 
atmospheric exposure and their effect becomes more prominent in atmospheres 
containing chlorides The effect on tensile strength losses in Midland and sea coast 
atmo pheiea is '^hown in Figs 17, 19, and 20 



Fio 22 Stress Corrosion under Rural and Marine Conditions of Mg 3% Al-1% Zn-0 3% 
Mn Sheet 

Specimen size Standard V S T M test bars 0 16 cm ^004 in ) thick 
Surface preparation — chrome pickle 


In the pa«t it was feit that the Mg-1 5% Mn alloj wa.' superior to the temarj 
111033 containing aluminum and zinc both id "“exere atmo>pheric and aqueous media 
\ «ur\c3 of a largo number of batches of the Mg-l^%Mn allo} compared to the 
high purity teniar3 allo3s exposed at Kute Beach 24 meters (80 ft) from the ocean 
«hows that there is no marked difference m propert3 losses for the'e aIIo3S although 
the Mg-1 5% Mn allo3 has a tendency to pit owing to localized impunties, and has 
a poorer appearance 

The addition of zinc to the lemarj Mg AI-Mn alloys causes the 'ame tendency 
toward slight pitting action m atmospheric corrosion as m «alt •'olutions Controllcd- 
punty Mg A1 Mn alloys corrode xnthout pittmg 
In ordinary exterior exposure solution heat treatment of commercial casting alloys 
his no practical significance, but for sex ere exposures as at the 24 meter (SO ft) 
station at Kure Beach the “heat treated’ state shows a much greater lo's m tensile 
strength than the “as cast ' Data obtained on 12 cm (0^ in) round-machined test 
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bars are shown in Kg. 23. Based on data obtained over a 4-year e.vposure period, 
high-purity casting alloys do not show appreciable effect of heat treatment. 


Protecth^e Measures 

For storage under highly humid conditions, magnesium may be satisfactorily^ 
protected by a film of oil or grease.* For structures exposed to severe conditions, 
zinc chromate primers, followed by lacquers, enamels, or varnishes should be applied 
over recommended chemical treatments of the metal surface (p. 864). Without these 
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Fia. 23. Effect of Heat Treatment on Property Losses of a Magnesium Casting Alloy 
Exposed to Industrial and Marine Atmospheres. 

Composition — Mg-G % Al-3 % Zn-0.2 % Mn. 

Specimen size — 1.2 cm (0.5 in.) round tensile test bars. 

Surface treatment — commercial, sand-blasted. Controlled purity, machined. 

Kote; "Heat Treated (Indoors)” are data from blanks stored indoors in sealed containers to determine 
the effect of precipitation on the properties at room temperature. 

surface treaments, paint adhesion is normally poor, although special primei-s showing 
indications of good adhesion to bare metal have recently been developed. The 
effectiveness of chemical treatments, followed by painting, on the reduction of tensile 
corro.'^ion losses of thin sheet is shown by Fig. 24. Initial film formation apparently 
accounts largely for the losses occurring during the first two years on the thin bare 
sheet. For thicker materials, as shown in Fig. 19, longer times are necessarj' to show 
significant effects. 

* See Temparar]/ Corrosion Prezenlize Coatings, p. 916. 
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Although protection from galvanic corrosion is seldom necessary mth magnesium 
exposed to inland atmospheres, dissimilar metal assemblies exposed to marine condi- 



Fxo 24 Effect of Paint on Tensile Loss by Corrosion of Thin Sheet Eiiposed to Marine 
Atmospheres 

CornpOBition — Arg-6% Ai l‘^Zn-02%Mn 
Specimen sue — 15 X 10 X 0 08 em (6 X 4 X 0032 m ) 

Surface treatment Bare acid pickled Painted dichroniate-eoated Paint schedule 1 coat P-27-1' 
3 coats V-lOe A1 

Atmosphere — Kure Beach N C , 24 meters (80 ft) from ocean, 
tions, or so designed that electrolytes become trapped, may be protected as suggested 
under aqueoua corro ion (p 228) Painting of the faying surfaces is usually sufficient 


MOLYBDENUM 
W J Kboll* 

Molybdenum is characterized by the formation of soluble alkali moljbdates and 
resistance to hydrofluonc and hydrochloric acids The propert 3 of embrittlement 
when overheated and the difficulties in joining restrict u«e of the metal 
The following information is for molybdenum m wrought form Cold and hot 
water do not attack the metal, but water vapor reacts at 700" C (1300“ F) Alkali 
solutions are corrosive only in the presence of oxygen or oxidizing agents like HjOsy 
nitrates, and chlorates 
* Consultmg Metallurgist Albany Oregon 
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Molybdenum rapidly dissolves as anode in caustic solutions. In 20% sulfuric acid 
the anodic corrosion rate (room temperature) is 610 mg per amp-hour at a current 
density of 40 amp per sq dm (370 amp per sq ft).i 
Hydrofluoric acid, cold or hot, is -without effect on mob’bdenum. Concentrated 
hydrochloric acid at 110° C (230° F) reacts onl3' slowl3'.2 Nitric acid and aqua regia 
dissolve the metal readih’, as does concentrated boiling sulfuric acid. 

Corrosion rates in dilute acids are reported b3' Rohn^ as follows; 


MDD 


Duration 

of 

Test, hr 


10 % 

HNO 3 

10% 

H:SO< 

10% 

Ha 

10^ 

Acetic Acid 

10% 

Phosphoric Acid 

24 

Room temp. 

5,200 

6 

10 

20 

30 

1 

Hot 

43,000 

36 

36 

72 i 

216 

24 

Hot 


30 

SO 

1 



Chromic acid solutions or mixtures -with sulfuric acid do not corrode molybdenum 
readil 3 '. 

Solutions of CuClo, HgClc, and FeCla are corrosive.^ A good etching reagent is a 
solution of sodium h 3 ’droxide and KaFefCNlc. The corrosion characteristics of allo 3 -s 
of mob’bdenum containing 10 to 20% tungsten have been described.-^ 

Fluorine reacts with mob’bdenum at room temperature, chlorine and bromine at 
red heat, iodine not at all. The elements sulfur, phosphorus, boron, and silicon and 
the gases NO, HoS. CO 2 , and COCI 2 react with the metal at elevated temperatures. 

Molybdenum does not oxidize rapidly in air below 600° C (1100° F) or below 500° C 
(950° F) in ox 3 ’gen although o.’dde films showing interference colors ma 3 ’ form. The 
metal is unaffected b 3 ’ dry’ or wet h 3 ’drogen at low or high temperatures. 

Molten caustic alkalies dissolve molybdenum in absence of ox 3 ’gen, beginning at 
660° C, and at lower temperatures in presence of oxy'gen. 

GENERAL REFERENCE 

Giirus, L., Bandbuch der anorganischen Ckemie, -Vol. 53, p. 69, Verlag Chemie, 1935. 


NICKEL 
"W. Z. Fhiexd* 


The principal varieties of nickel used for corrosion-resisting purposes, together -with 
their nominal chemical compositions and mechanical properties, are sho-wn in Table 1. 

Nickel in the electromotive series (p. 1134) is more noble than iron and less so than 
copper. It does not readih' discharge h3’drogen from 303" of the common non- 
O-tidizing acids with which it may’ come in contact so that a supply* of some oxidizing 
agent, such as dissolved air, is necessary for appreciable rates of corrosion. As a 


Development and Research Division, The International Nickel Co., Inc., New York, N. Y. 

^ J. L. Brar. Tranr. Am. Electrocf.em. Soc.. 75, 427-AAO ri939). 

• H. Endo and A. Itagaki, .Me!. Abstracts, Institute of Metals, 7, 20-21 (1940). 

^ " . Rohn, Z. Hctallkitnde, 18. 3S7 (1926). 

J- A. M. van Uerapt. Rcc. trar. chim., 45. 50S (1926) and 46, 11 (1927) 
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general nile oxidizing conditions favor torro ion of nickel while reducing conditions 
retard eorro ion Howev er nickel al o has the abilit> to protect jLelf again t certain 
form, of attack b\ the development of a corro ion re L.tant or passive film As a 
result oxidizing condition do not invanablj accelerate corro'ion 

The galvanic relation of nickel to other metals and allo>g is in general the same 
m mO't corro ive 'ohitions as its relation m «ea water as shown by the galvanic 
«ene^ m Table IS p 416 

CORRO'>ION CHARACTERISTICS IN LIQUID^ 

The following remarks concemmg the resistance of nickel in «pecific corronve media 
apph m general to all the products shown m Table 1 including nickel plating where 
the plating i heav) enough to be free from poro^itj 

Fre«h vter 

Nickel pos-e*Le>- a high degree of re«i<tance to corro ion bj natural waters and bj 
dutilled water Anah is of di-tillcd water from a nicLc! storage tank indicated a rate 
of corro ion under OOOG mdd (0 000001 ipj) Similarlj teats m natural waters have 
«hown corro ion rates alwavo lev> than C mdd (0001 ipj ) and u~uall> less than 06 
mdd (0 0001 ipv ) Nickel is re i tint to corro'ion bv waters containing bjdrogen 
•sulfide or free carbon dioxide although it will be tami hed bv the former 

Carbonated water under prcx.urc is onlv «liehtlv corroive toward nickel Aiialj'®is 
of water from a nickel lined carbonator operated at a pre&ure of 200 p i indicated 
a rate of corro ion of 12 mdd (00002 ipv) It has been noted that in the pre«ence of 
a high concentration of chlorides m one case 2000 ppm carbonated water ma> cause 
pitting of nickel 

Stexm Covdensvte 

The conden'ate from mixtures of «tcam air and carbon dioxide nia> be corrosive 
to nickel if the ratio of carbon dioxide to air in the dissolved gases u within certain 
limits The tot reeiili, given in Table 2 indicate that at So p i procure and 70*0 
(loS* F) corrosion occurs if the condensate is saturated with a carbon dioxide and 
air mixture containing between oO and 90*1? carbon dioxide In the presence of 
corro loo products of iron the lower limit of the corro ive range ma> be reduced 
to approximatel> 30*^ carbon dioxide 

■Mrs-E Water 

Nickel may be ••ignificantlv corroded by acid mine waters containing appreciable 
amount, of feme or cupnc =alts although in «onie case it appears to be able to 
protect iLelf bv the formation of a protective oxide film The results of teTs made 
m three Penn^j Iv ania coal mine* under the au^iices of Carnegie In_titute of 
Tecbnologv the t. *5 Bureau of Nlinei. and an Adva'orx Board of Coal Mine 
Operator- and Encineer-* are *bown in Table 3 

Sea Water* 

Nickel 1 resirtant to corro ion br ^ea water when it i” m motion rates of attack 
being usualb le's than 30 mdd (0 OOo ipv ) It ma 5 •aiffer local attack or pitting under 

• Pefer to Bthorpyr of iltialt and Alloyi tn Sea ITater p 40^’ 

* W A and G It Enoa Carney Inst tote for Coal Mining Investigations ” BuIL 4 C9 PP- 

(19"’) 
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t Regiatered U. S. Patent Office. 

§ Also available as “L” Niokel-olad atoel. 
U Rockwell B. 
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Table 2 CORROSION OF NICKEL BY DISTILLED ^VATER SATURATED 
^\ITH CARBON DIOXIDE AND AIR MIXTURES 

Pressure — 35 psi gage 

\ elocity of speciniena “ 8 4 to 14 7 It per itun (2 6 to 4 5 meters per min) 

Duration of tests — 22 hr 

Sireof specimens — 3 18 X 3 81 X 0079 cm (1 2o X 1 5 X 0 031 in ) 


1 

% by Volume of 
Carbon Dioxide and Air 
in Entering Gas 

L 



Corro* 

on Rate 




1 atTO'C (I58*F) j 

1 at 120* C (248* F) 

1 Nieke! 

1 Mild Steel ! 

1 Nickel 

1 Mild Steel 

mdd 

ipy 

mdd 

•py 

mdd 1 

ipy 

mdd 

ipy 

lOO'X CDs I 

II 

0 0018 

60a 

0 121 

7 

0 0011 

179 

0 03a 

00% COj-10% Air 

170 

0 020 1 





309 

0 080 

80 % COr-20 % Air 

410 

0 0G6 

715 

0 149 

SI 

0 0083 ' 

252 

0 OaO 

70%COs-30%Air 

568 

0 002 ' 



5a 

0 0089 

29a 

0 0i9 

00% COr-10% Air 

120 

0 021 

Cao 

0 131 

33 1 

0 OOa2 

313 

0 OGl 

50% COr-50% \ir 

7 

0 OOlt 

SOO 

0 118 

5 

0 0008 

323 

0 06a 

40%COH>0%Air 

8 

0 00)3 

839 

0 168 



598 

0 120 

30%CO»--70%Air 

0 

0 0010 





316 

0 063 

20%COj-80%Ar 





6 

0 0010 

190 

0 038 

lQ%COj-00"«Air 

0 

0 







100% Air 

I 

1 0 0002 

153 

0 031 

1 

0 0002 

13a4 

0 271 


Table 3 CORROSION OF MCICEL BY COAL MINE WATERS* 
Temperiture — atmospbene 
\ elocity — 1 8 ft per mio (0 meter per mio) 


Coal Mine 

Free H]SO< 
ppm 

Feme Ion 
ppm 

DuraiioD of . 
Teet daya 

1 Corroaion Rate 

mdd 

»py 

Montour Mine No 1 

' 1430 

53 

119 

146 

0 021 

Calumet Mine 

' 430 

13a 

08 

lie 

0 019 

Edna ^Ime No 2 

21G0 

860 

13a 

0 3 

0 00005 


*W A Being and G M Enos ‘ Camege Institute lor Coal Mining Investigations Buff 4 69 pp 
(1922) 


condiliiona of fitagfiaiit ex 50 .^ure^ fi«yecuaUy where barnaclna or other solids, collect on 
the metal surface Njckel is non toxic toward manne organisms and will not suppress 
the growth of barnacles 

Aon-oxidizing Inorganic Acips 

Sulfuric Acid Nickel can frequentlj be used with «ulfuric acid solutions although 
it IS usually le«s resistant than Ni Cu alloys Pb or Si Fe alloys The results of a 
number of laboratory corrosion lc=ts of nickel are shown m Table 4 Rates of 
corro ion m cold air free sulfunc acid «olution3 are u ually leos than 30 mdd 
(0 005 ipy ) in all concentvatioi^ under about 80% by weight In cold air-saturated 
solutions in this concentration range corrosion is U'^ually a maximum at about 5% 
acid and decreases uniformly with increasing concentration up to about 80% acid 
Abo\e thi* concentration behavior is likely to be erratic, with rates o' corrosion 
too high to make the u e of nickel econonucal 
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Table 4. CORROSION OF NICKEL BY SULFURIC ACID SOLUTIONS 


Acid 

Concentration. 
% H 2 SO 4 ! 
by Wt. 

Temperature 

Duration of 
Test, hr 

Velocity» 
ft per min 

Aeration 

Corrosion Rate 

"C 

°F 


1 

mdd ' 

ipy 

2 

20 

68 

5 

No stirring 

H 2 -Baturated 

12.3 

0.0020 

5 

30 

86 

20 

' 15.7 

H 2 -Baturated 

19 

0.0031 

5 

30 

86 

168 

Convection 

Air-saturated 

272 

0.044 

5 

30 

86' 

96 

16.0 

Air-saturated 

356 

0.058 

5 

60 

140 

100 

No stirring 

By nat. conveot. 

58.3 

'0.0095 

5 

77 

170 

120 

No stirring 

By nat. convect. , 

127 

0.0206 

5 

70 

158 

18 

16.5 

Convection by 

Air-saturated 

633 

0.103 

6 

102 

216 

23 

boiling 

Unaerated 1 

201 

0.033 

10 

Room 

Room 

96 

No stirring 

By nat. convect. ^ 

10.2 

0.0017 

10 

77 

170 

120 

No stirring 

By nat. convect. 

75 

0.0121 

10 

82 

180 

20 

26.5 

Convection by 

Air-saturated 

984 

0.160 

10 

103 

217 

23 

boiling 

Unaerated 

722 

0.117 

20 

20 

68 

5 

No stirring 
Convection by 

H 2 -saturated 

24.6 

0.0040 

19 

105 

221 

23 

boiling 

Unaerated 

685 

0.111 

25 

82 

180 

20 

26.5 

Air-saturated 

509 

0.083 

70 

38 

100 

24 

15.5 ' 

Unaerated 

180 

0.029 

95 

Room 

Room 

20 

Convection 

Ns-saturated 

437 

0.071 

95 

Room 

Room 

20 

Convection 

Air-saturated 

290 

0.047 


At temperatures between atmospheric and close to boiling, corrosion rates tend 
to vary with concentration, temperature, and aeration between 0.05 and 0.10 ipy at 
acid concentrations up to 26%. Nickel would ordinarily not be used for concentrations 
above about 25% acid at temperatures much above atmospheric. 

In boiling sufuric acid, the use of nickel is usually confined to acid concentrations 
below 10%. This limiting concentration can sometimes be raised where boiling 
temperatures are lowered by the use of vacuum. For example, in a 4-month test in 
a rayon hardening bath evaporator operating at 64° C (130° F) under 27 in. (Hg) 
vacuum and where the final concentrated solution contained approximately 20% by 
weight sulfurfc acid plus sodium sulfate and other chemicals including hydrogen 
sulfide, the corrosion rate of nickel was 10 mdd (0.0016 ipy). 

Hydrochloric Acid. Corrosion rates of nickel in hydrochloric acid solutions in 
laboratory tests at 30° C (86° F) are shown in Fig. 1.^ The upper curve for nickel 
refers to air-saturated acid at a velocity of 15.7 ft per min (4.8 meters per min), and 
the lower nickel curve refers to nitrogen-saturated acid at a velocity of 21.6 ft per 
min (6.6 meters per min). In air-saturated tests, air \vas bubbled through the solutions 
in an open container at a rate of 1500 ml per min. In air-free' tests, nitrogen was 
, bubbled through in a closed container at 200 ml per min. Applications of nickel at 
room temperature are in general limited to concentrations of acid under about 20%, 
although in some cases it maj’- usefully be applied to higher concentrations. 

The corrosion rates of nickel in 5% hj'drochloric acid, both air-free and air- 
' saturated at temperatures up to 90° C (194° F), are shown in Fig. 2. In unaerated 5% 
acid, it is usefully resistant up to about 55° G (130° F). In aerated solutions above 
atmospheric temperatures, its use is normally limited to concentrations of about 
2 or 3%. 

^ W. Z. Friend and B. B. Knapp, Trans Am. Inst. Chem. Engrs., 39, 731—753 (1943). 
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The results of laboratory corrosion tests of nickel in several boiling hydrochloric 
acid solutions are shown in Table 5. In most of the processes in which hydrochloric 
acid is formed as a result of hydrolysis of non-oxidizing chlorides, or of chlorinated 
solvents, the acid content is less than 0.5% and such solutions are handled 
satisfactorily. 


Table 5. CORROSION OF NICKEL BY BOILING BYDROCHLORIC ACID 

SOLUTIONS 

Duration of testa — • 10 days. 

Velocity — convection by boiling. 

Aeration — none. 


Acid Concentration, 
% HCl by Wt. 

Corrosion Kate of Nickel 

mdd 

ipy 

0.5 

1,875' 

0.304 

1.0 

4,200 

0.680 

5.0 

35,400 

5.74 


Phosphoric Acid. Nickel cannot ordinarily be used with crude phosphoric acid 
solutions containing ferric salts as normally encountered in the processing of acid 
from phosphate rock. In a 24-hour test^ in a dilute solution of crude phosphoric 
containing 0.40% iron at 80° C (176° F) the corrosion rate of nickel was 4960 mdd 
(0.80 ipy). Pure phosphoric acid solutions containing no oxidizing compounds have 
slight to moderate action on nickel at atmospheric temperatures, rates being of the 
order of 20 to 80 mdd (0.003 to 0.012 ipy) for quiet exposure, and 50 to 200 mdd 
(0.008 to 0.032 ipy) for agitated aerated acid. Hot concentrated solutions of pure 
acid are very corrosive, rates as high as 3380 mdd (0.55 ipy) having been reported^ 
in a 24-hour test in 85% acid at 95° C (203° F). 

Sulfurous Acid. Strong sulfurous acid solutions are usually very corrosive to 
nickel, especially when hot. The low concentrations of sulfur dioxide used in the 
preservation of food products are not destructive, although they may develop a 
dark tarnish on the metal. In 20-hour laboratory tests in an unaerated, unagitated 
water solution containing 1% SO 2 at 20° C (68° F) the corrosion rate of nickel was 
331 mdd (0.054 ipy). In a solution containing 1500 ppm the corrosion rate was 42 
mdd (0.0068 ipy). 

Solutions of Hydrogen Sulfide. Hydrogen sulfide accelerates corrosion of nickel 
but resistance of the metal to attack is usually adequate in solutions which may 
contain the gas, such as brines, natural waters, and alkaline solutions. Specimens of 
nickel suspended over water through which hydrogen sulfide was bubbled at 65° C 
(150° F) were corroded at a rate of 160 mdd (0.026 ipy). In a 24-hour test in distilled 
water saturated with hydrogen sulfide at 25° C (78° F) the corrosion rate was 12 
mdd (0.0019 ipy). 

Oxidizing Acids 

Nickel does not possess useful resistance to corrosion by oxidizing acids, such as 
nitric or nitrous, except in concentrations under 0.5% at atmospheric temperatures. 
Similarly, high corrosion rates occur in other acids containing oxidizing chemicals 
such as ferric and cupric salts, peroxides, chromates, and the like. 

®P. R. Kosting and C. Pleins, Jr., A Irid. Eng. Chem., 23, 140-150 (1931). 
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Orgamc Acids and Compounds 

Organic acidsi under tlie most frequently encountered conditions, are only 
moderate!) corrosne tonard nickel However, at elevated temperatures and when 
highly aerated ''uch acids as acetic and formic may cause considerable corrosion 
The re^hs o5 Uhoratory corvosvon Vests vn ateWC acvd fotutvons are given 

in Table 6 In cold, air-frcc solutions, maumum corrosion usuaJI) occurs at about 
50% concentration and decrea’^Os al a Bomewhat uniform rale at Vngher and lower 
concentration* The combined effects of velocity and aeration are indicated by the 
results of 20-hour laboratory tests in air-eaturated acetic acid solutions at 30* C 
(86* F) and with specimens moved at a velocity of lS-5 ft per min (57 meters per 
min) where the corrosion rale of nickel m 6% acid was 290 mdd (0 017 ipj), and 
in 75% acid was as high as 2101 mdd (0^4 ipy) 


Tabu: 0 CORROSION OF NICKEL BY ACETIC ACID SOLUTIONS 


No StlfTlDg 


Acid 
Caneen 
tration, 
%CHjCOOJl 
by 11 1 

Temperature 

Duration 
of Teat 
hr 

Aeratton , 

Corrosion Rate 

Ref 

•c 1 

•r 1 

mdd 1 

>py 

6 

30 

SO 

00 

Immersed utwerated 

21 

1 0 003* 

(1) 

6 

30 

so 

00 

Immeraed N} aaturaied 

C 

0 0000 

(1) 

6 

30 

S6 

00 

Immereed air aaturated 

07 

0 oil 

(1) 

6 

30 

8C 


Alternate iiDmeraion-cofiiinuou* 

111 

1 0 023 

(1) 

6 

,30 

, SO 1 

24 1 

Alternate immersion intermittent j 

111 

0 018 

U1 

0 

Room 

' Room 1 

720 1 

Spray 1 

40 

0 0004 

(11 

6 

20 

CS 

5 

Immersed Ur saturated 

12 

0 0020 

(2> 

50 

20 

1 

5 

Immersed lit saturated 

62 

1 0 010 

(2) 

GUeial 1 

20 

08 

5 

Immersed lit aatutaled 

25 

0 0041 

(2) 


(1) H S RawdanaoJC C Gfo«*b«ck Bureau of Standards TrtS Bull 3C7 400-440 (1028) 

(2) VS O V\ hitman and R T RusscH J Ind Eao Chm . ai8-3*4 (102*) 


Nickel is corroded onlj moderately by unaeralcd boiling acetic acid solutions as 
shown m Table 7, where «peeimens were immersed m the boilmg acid and aUo 
expo*ed to the vapors therefrom 


CORROSION or MCKEL IN ACETIC ACID, BOILING UNDER 
REFLUX 

Duration of testa — 20 hours 


Acetic Acid 
Concentration, 
%by Wt, 


Corroston Rate 


0 011 
0 019 , 
O 012 ' 


0 0075 
0 015 
0 0038 
0 0023 


Nicknl IS U'cfully resistant to fattj acids, such as steanc and oleic, even at 
elevat'^d temperatures In te»ts for 21 da>s m a vacuum fattj -acid still at 227* C 
(44(1® F) it corroded at a rate of 25 mdd (0004 ipj) 
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In laboratory tests with specimens immersed in commercially pure phenol with 
no agitation, the corrosion rate of nickel was 0.41 mdd (0.00007 ipy) in 14-day tests 
at 53° C (127° F) and 0.17 mdd (0.00003 ipy) in 6-day tests at 184° C (363° F). 
Samples of phenol taken from a 10,000-gal nickel-clad keel storage tank after 
6 months of storage at atmospheric temperature had a nickel content under 
0 . 001 %. 

Food Products. Common applications of nickel in contact with dilute organic 
acids and other organic compounds are made in connection with the handling of food 
products such as fruits and vegetables and their juices and alcoholic beverages.'^.s*® 
Corrosion data in some typical fruit juices are given in Table 8. Nickel is suitable 


Table 8. RESISTANCE OF NICKEL TO CORROSION BY FRUIT JUICES 


Product 

Duration 

Temperature 

. Conditions 

Corrosion Rate 

of test, hr 

°C 

•F 

mdd 

ipy 

Tomato juice 


Room 

Room 

Aerated, agitated 

75 

0 012 

Tomato juice 

. . . 

Room 

Room 

Unaerated, agitated 

49 

0.0080 

Tomato juice 

9 

77 

170 

Air-saturated, mildly agitated 

148 

0.024 

Tomato juice 

7 

90 

195 

Aerated, mildly agitated 

122 

1 

0.020 

Lemon juice 

... 

Room 

Room 

Aerated, agitated 

124 

0.020 

Lemon juice 

, , , 

Room 

Room 

Unaerated, agitated 

3 

0 0005 

Lemon juice 

24 

Boiling 

Boiling 

Under reflux, unaerated 

84 

0.014 

Pineapple juice 


Room 

Room 

Aerated, agitated 

110 

0.018 

Pineapple juice 

. . . 

Room 

Room 

Unaerated, agitated 

22 

0.0036 

Pineapple juice 

106 

82 

180 

Air-saturated 

224 

0.036 

Pineapple juice 

24 

74-80 

. 165-175 

Boiling in evaporator under 
16-18 in. vacuum 

28 

0.0046 

Grape juice 

... 

Room 

Room 

Aerated, agitated 

154 

0.025 

Grape juice 

. . . 

Room 

Room 

Unaerated, agitated 

38 

0.0062 

Grape juice 

24 

Boiling 

Boiling 

Under reflux, unaerated 

42 

0.0068 

Orange juice 

72 

Boiling 

Boiling 

Under reflux, unaerated 

i 

49 

0.0080 


for use in contact with milk at atmospheric temperature and for heating of milk, 
but is not recommended for cooling of milk from pastuerizing temperatures because 
of a difference in the type of protective film formed.”^ 

Nickel is non-toxic, and a number of investigations^- have demonstrated the 
safety of nickel equipment for the preparation and handling of foods. It has also 
been demonstrated that nickel is not destructive to vitamins.!^ 

^ International Nickel Co., Ino., “Corrosion Resistance of Materials for Pea, Corn and Tomato Process- 
ing,” Tech. Bull. TS-8 (1939). 

® International Nickel Co., Ino., “Metals and Wines, Distilled Liquors and Beers,” Tech. Bull. T&-6. 

®E. Mrak and IV. V. Cruess, Food Industries, 1, 559-563 (1929). 

^ International Nickel Co., Inc., "The Resistance of Pure Nickel and Inconel to Corrosion by Milk ” 
Tech. Bull. TS-1. 

* K. R. Drinker, L. T. Pairhall, G. B. Ray, and C. K. Drinker, J. Irtd. Hygiene, 6, 307-356 (1924). 

® P. B. Flinn and J. M. Inouye, J. Am. Med. Assoc., 90, 1010-1013 (1928). 

° R. J. McKay, O. B. J. Fraser, and H. E. Searle, American Institute of Mining and Metallurgical En- 
gineers, Tech. Publication 192, 47 pp. (1929). 

" A. D. Pratt, V. Nutrition, 3, 141-155 (1930). 
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Alkalies 

Nickel has excellent resistance to corrosion by alkalies such as caustic soda and 
caustic potash Tests in evaporators concentrating caustic soda to 50% by weight 
AaOH show that the rate of corrosion is negligible, being of the order of 06 mdd 
(0 0001 ipj ) The a\ erage nickel content of 50% caustic processed m nickel equipment 
13 about 0 00005% In the ev aporation of cauatic soda to 75% by weight NaOH, corro- 
sion is slightly higher, te showing corrosion rates normallj less than 18 mdd 
(0 003 ipj) Nickel IS free from caustic embrittlement under the above conditions 
In caustic concentrations above 75% by weight, nickel is second onlj to silver 
in resisting attack '\^hat actually determines the behavior of nickel in highly con- 
centrated caustic soda or fu«ed caustic is the nature of an oxide film that forms 
This film is usualli thin and black In its pre«cncc the rate of corrosion by fu'ed 
caustic IS of the order of 20 mdd (0003 ipy) Without the film rates up to 150 mdd 
(0 025 ip 3 ) maj be expected Temperatures above 315® C (600* F) favor development 
of a protective oxide, whereas at lower temperatures, around 200“ C (400® D, a le-s 
protective green form of the oxide may develop 
Nickel clad steel v osselo hav e been u«cd to hold fu'cd sulfur-free caustic at 700® C 
(1300° F) and have shown no appreciable attack after 8 months, where the useful 
life of steel wav 3 weeks However, if sulfur is added to molten caustic for purification 
mckel may suffer intergranular attack bj the sulfur 
Under conditions of combined highly stressed metal and concentrated cau«tic (75 
to 98% NaOH) at high temperatures 300* to 5(H)® C (600® to 900® F), mckel is 
subject to a form of intergranular attack Coa«eq«cntly , nickel equipment for u e in 
this service «hould be annealed before expaure (See p 261 ) The « e of a low-carbon 
wrought mckel* is preferred over regular wrought nickel for fused caustic applications 
because of indications of better resistance to this form of attack, particularly at welds 
Nickel IS not attacked by anhydrous amvionta and is resistant to a<]ueous ammonia 
or ammonium hydroxide in concentrations under 1% NHg by weight Aeration may 
sometimes induce pa<'ivity m concentrations under 10%, but m the presence of air 
more highly concentrated solutions arc appreciably corrosive 

S\LT SOLtmONS 

Neutral and Alkaline Salts Neutral and alkaline salt solutions, such as chlorides, 
carbonates, sulfates, nitrates and acetates are re isted well by nickel Rates of 
corro'ion, even m hot aerated solutions are rarely more than 30 mdd (0005 ipy) 
Applications m the evaporation of such «alts as •'udium chloride and sodium sulfate 
are common The results of a number of plant corrosion tc'ts in neutral and alkaline 
salts are shown m Table 9 

Acid Salts Nickel poase«»cs useful resistance to corrosion by acid salts, especially 
to acid chlorides such as tho«e of ammonium and zinc Rates of corrosion m boiling 
concentrated “olutions are u ually ]c>5s than 250 mdd (0 04 ipy) The results of a 
number of plant corrosion tests m solutions of acid salts are shown in Table 10 
Oxidizing Acid Salts Oxidizing acid salts, as a class are usually corro'ive toward 
mckel Nickel is not recommended for use with more than extremely dilute «olutioES 
of such salts as feme chloride mercuric chloride, and cupric chloride Likewise, the 
addition of such oxidizing 'alts as chromate®, dichromates, nitrates, and peroxides 
to mineral acids may make them highly corrosive to nickel A possible exception is 
• L nickel 

“ International Nickel Co Inc Besutance of Nickel and Its Alloys to Corrosion by Caustic Alkalies ” 
Teth BuHT-G 
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Table 9. CORROSION OF NICKEL BY SOLUTIONS OF NEUTRAL AND 

ALICALINE SALTS 


Corrosive Medium 

Exposure Conditions (Concentration 

Corrosion Rate 

of S."!!! in % by Weight) 

mdd 

ipy 

Calcium chloride 

In evaporator concentrating solution to 35% at 70°-lC0“ C 
(ir)0°-320° F) for 225 days 

2 

0.0003 

Cobalt acetate 

In evaporator at 105® C (225® F) for 950 hours 

25 

0.004 

Sodium chloride 

Satiu'ated solution mixed with steam and air at 95® C (200® F) 

13 

0.0021 

Sodium metasiiicate 

In evaporator concentrating to 50% solution at 110® C 
(230® F) for 42 days 

0.15 

0.00002 


Table 10. CORROSION OF NICKEL BY SOLUTIONS OF ACID SALTS 


Corrosive Medium 

Exposure Conditions (Concentration of 

1 Corrosion Fate 

Salt in % by Weight) 

mdd 

ipy 

Aluminum sulfate 

Quiet immersion in 25% solution in storage tank at 35® C 
(95® F) for 112 days 

4 

O.OOOG 

Aluminum sulfate 

In evaporator concentrating to 57% solution at 115® C 
(240® F) for 44 days 

36G 

0.059 

Ammonium chloride 

In evaporator concentrating 2S% to 40% at 102® C (216® F) i 
for 32 days 

52 

0.0084 

Ammonium sulfate 
plus sulfuric acid 

In saturated solution containing 5 % sulfuric acid in suspension 
tank during crj’stallization at 41® C (100® F) for 33 days 

18 

0.0030 

Manganese chloride 
plus some free hy- 
drochloric acid 

Immersed in boiling 11.5% solution in flask equipped with re- 
flux condenser at 101® C (214® F) for 48 hours 

54 

0.0087 

Alanganese sulfate 

In evaporator concentrating 1.250 to 1.350 sp. gr. at 113® C 
(235® F) for 11 days 

18 

0.0029 

Zinc chloride 

In evaporator concentrating 7.9% to 21% at 38® C (100® F) 
under 20-28 in. vacuum for 210 days 

29 

o.oaiG 

Zinc chloride 

In evaporator concentrating 21% to 69% at 115® C (240® F) 
under 15-18 in. vacuum for 90 days 

245 

0.040 

Zinc sulfate 

Saturated solution containing trace of sulfuric acid in evapo- 
rating pan at 105® C (225® F) for 35 days wth vigorous 
stirring 

' 152 

0.025 


stannic chloride, dilute solutions of which nickel resists to a useful degree. Tests in 
an aerated 27.5° Be solution at 210° C (70° F) for a period of 3 weeks showed a 
corrosion rate of 109 mdd (0.018 ipy). 

Oxidizing Alkaline Salts. Nickel is attacked by strong hypochlorite solutions. 
For continuous exposure its use is limited to the very dilute solutions containing 
less than 500 ppm available chlorine, frequently used for sterilizing purposes. For 
discontinuous exposure, as in cyclic textile bleaching operations where bleaching is 
followed bj" rinsing and souring in the same vessel, hj^pochlorite concentrations up to 
about 3 grams per liter available chlorine can be handled safelJ^l3 When corrosion 
occurs, it is likely to be localized in the form of pits. 

The resistance of nickel to corrosion b 3 ’’ hypochlorite solutions is increased some- 
what by a high degree of surface polish. 

Attack is often inhibited by as little as 0.5 ml per liter of 1.4 sp. gr. sodium silicate. 

International Nickel Co., Inc., "Nickel, Monel and Inconel in Textile Bleaching Operations,” Tech. 
Bull. T-22. 
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The effect of mhibitore oa the corrosjon of cickel m sodium hypochlorite solutioas is 
shown m Table 11 


Table 11 IXmBITIVG EFFECT OF SODIUM SILICATE AND TRISODIUM 
PHOSPHATE ON CORROSION OF NICKEL BY SODIUM HYPOCHLORITE 
SOLUTIONS 


Teraper»tur« — 40*C (I05*F> 
DuTAtiOtt teat* — 10 hr 
Qeaker testa — no agitation. 


Solution Composition 

Grama per Ijler 

Corro-. 

sn Rate 

Max Depth Pitting 

Aiailable 

Sodium 

Tnaodium 





Chlorine 

Siheate 

Phosphate 



uiui 


6 5 



321 

0 0o2 

0 50 

0 022 

6 S 

0 5 


04 

0 010 

0 30 

0 014 

6 5 


0 5 

122 

0 020 

0 01 

0 024 

6 £ 

2 0 


9 

0 001 

\ nne 

Nnre 

6 S 


2 0 

57 

0 000 

None 

None 

3 3 



183 

0 030 

0 30 

0 014 

3 3 

0 5 


22 

0 004 

N'eoe 

None 

3 3 


0 S 

■to 

0 OOC 

None 

None 

0 1 



20 

0 004 

None 

None 

0 1 

0 5 


3 

0 0005 

None 

Vone 

0 1 


0 3 

•1 

0 0000 

None 

None 


N'ickel is rc'ktaat to alkaLne peroxide solutions and does not cataljze the 
decompo«ition of these solution^ 

ChLORISATED S0LtT>TS 

A study has been made^^ of the rcsbiance of several metals and allots to corrosion 
by chlorinated solvents and mixtures of these solvents with water, both at room 
temperature and boihng The cortoovon rates obtained for nickel, 709!> Ni-S09e> Cu 
alloy, and mild steel are shown m Table 12. 


EFFECT OF MERCURY 

Nickel resists amalgamation by mercuo’ at moderate temperatures However, in 
15-daj tests at 400' C (750" F) amalgamation was observed. 

EFFECT OF STRESS 

Stress corrosion crackmg of wrought nickel has been obcerved^s only in high- 
concentration, high-temperature caustic soda and caustic potash. Stress corro'ion 
cracking m this service can be prevented by annealing the equipment bnefly (3 to 5 
min) at 875® C (1600® F) before placmg m use 
High stresses, so long as they are uniform and are not accompamed by pbjsical 
transformation, do not significantly increase the corrosion rate of nickel as indicated 
bj the corrosion test data presented in Fig 7 on p 577 
“PS BraUicr, Pnvate communication. 

O B J Fraser, 'Stress-Corroeion Cracking of Nicbd and Some Nickel Alloys,” Symponum on Sfre** 
Corrosion Craeinng oj MetaU The American Society for Testing Materials and the Amenean In- 

stitute ot Mimng and Metallurgical Engineers, Pbiladelpia and New York, 1945 
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Table 12. RESULTS OF TESTS OF NICKEL, 70% Ni-30% Cu ALLOY, AND 
MILD STEEL IN CHLORINATED SOLVENTS AND THEIR VAPORS 

In tests at 25°-30° C, specimens were exposed to solvent and air with water absent, and to solvent and 
air with water present. In both cases, 90 % of area of specimen was immersed in solvent. 

In tests at boiling point, specimens were exposed to solvent and vapor with water absent, 25% of the 
area of each specimen being in contact w’ith solvent and 75% with vapor. In teats with water present, 
about 25% of area of each specimen exposed to solvent, 25% to water layer, and remaining 50% to vapor. 

Weight loss was averaged over total area of each specimen. No agitation. 


Corrosion Rate 



Teats at 25°~30 

°C (75°-85°F) 

Tests at Boiling Point 

Solvent 

Water Layer i 

Water Layer | 

1 

Water Layer | 

Water Layer 


Present 

Absent 

Present 

Absent 


mdd 

ipy 

tndd 

ipy 

mdd 

ipy 

1 

mdd 

ipy 

(a) Nickel 

i 








Carbon tetrachloride 

0.12 

0.00002 

0.02 

0.000003 

11.1 

0.0018 

0.16 

0.00003 

Chloroform 

0.36 

0.00006 

0.17 

0.00003 

0.73 

0.0001 

1.3 

0.0002 

Ethylene diohloride 

0.08 

0.00001 

0.04 

0.000007 

2.2 

0.0004 

0.20 

0.00003 

Trichloroethylene 

2.3 

0.0004 

0.94 

0.00015 

5.9 

0.001 

0.14 

0.00002 

Carbon tetrachloride!* 
Ethylene diohloride J 

0.02 

0.000003 

0.02 

0.000003 

1.09 

0.0002 

0.34 

0.00006 

(6) 70% Ni-30% Cu Alloy 









Carbon tetrachloride 

0.66 

0.0001 

0.06 

0.00001 

27.0 

0.0044 

0.23 

0.00004 

Chloroform 

0.10 

0.00002 

0.08 

0.00001 

27.3 

0.0043 

0.93 

0.0002 

Ethylene dichloride 

0.15 

0.00002 

0.06 

0.00001 

16.5 

0.0027 

0.17 

0.00003 

Trichloroethylene 

4.1 

0.0007 

0.45 

0.00007 

67.1 

0.011 

0.36 

0.00000 

Carbon tetraohloridel* 
Ethylene dichloride / 

0.12 

! 

0.00002 

0.06 

0.00001 

6.1 

OiOOlO 

0.59 

0.0001 

(c) Mild Steel 









Carbon tetrachloride 

44.3 

0.0082 

0.35 

0.00006 

874.0 

0.16 

0.30 

0.00006 

Chloroform / 

12.9 

0.0024 

3.7 

0.0007 

65.9 

0.012 

45.8 

0.0086 

Ethylene dichloride 

7.6 

0.0014 

0.30 

0.00006 

73.4 

0.0135 

9.0 

0.0016 

Trichloroethylene 

7.0 

0.0013 

3.3 

0.0006 

37.8 

0.007 

.... 

.... 

Carbon tetrachloride\* 
Ethylene dichloride / 

48.4 

0.0089 

0.04 

0.000007 

1079.0 

0.20 

2.5 

0.0005 


* Mixture contained 90% carbon tetrachloride and 10% ethylene dichloride by volume. 


WET AND DRY GASES 

Dry gases are not actively corrosive to nickel at or near atmospheric temperatures. 
Such gases as nitric oxides, chlorine and other halogens, sulfur dioxide, and ammonia 
are appreciably corrosive only when they contain condensed moisture. 


ATMOSPHERIC CORROSION 

An important application of nickel is in the form of plating to protect other and 
more vulnerable materials from atmospheric corrosion and tarnishing. The resistance , 
of nickel coatings to atmospheric attack is discussed beginning p. 817. 

Nickel and nickel plating will remain reasonably bright and free from tarnish 
indoors, being superior to silver, copper, and brass in this respect. Nickel becomes 
dull when exposed outdoors and tends to acquire a very thin, adherent corrosion 
product coating which usually is a basic sulfate. 
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Actual continued corrosion of nickel in the atmosphere is practically nil for indoor 
expasure while outdoors the rate of attack is extremely slow and varies with atmos- 
pheric conditions Sulfurous atmospheres encountered m industrial and urban com- 
munities are naturallj most corrosive Marine atmospheres are scarcely more 
corro'iv e than -suburban or rural atmospheres An indication of the extent of corrosion 
13 provided by the results of 9 to 10 jears of exposure of specimens of nickel m 
se\ eral typical atmospheres (Table 13) ** 

Table 13 COIIROSION OF MCKEL IN VARIOUS ATMOSPHERES* 


(Specimena nere exposed for 0 to 10>e&re follonetl by ehemieal eleanine except nhere noted ) 




Conoeion Rate 


Location 

Atmosphere 

mdd 

ipy 

as Removed from Racks 

Pittsburgh Pa. 

Industrialt 

0 31 

0 00013 

Uniform dark film f 

Altoona Pa. 

Industrial 

1 02 

0 OOOIC 

Film slightly rough mottled dark gray-green aid 
black adherent 

New York N Y 

Industrial 

0 So 

0 00014 

Film smooth mottled gray and green adherent 

Rochester N \ 

Industnalt 

0 22 

0 00001 

Smooth mottled film) 

bandy Hook N J 

Sea coast 

0 19 

0 00003 

Film smootb dark gray adherent 

Key West Fla. 

Sea coast 

0 03 

0 OOOOOu 

Tamuh smooth gray adherent 

LaJoUa CaUf 

Sea coast 

0 03 

0 OOOOOo 

Tarnish smooth gray spotted with many grsy-green 
scale spots 

State College Pa. 

Rural 

0 01 

0 000007 

Tarnish smooth and bright gray 

Pboe&iz Am 

Rural 

0 oos 

0 000001 

Tarnish bright smooth light gray 


* From I9J3 Report of Subeomin>Ue« 1 1 Committee R 3 American Society for Testing Macenals 
t Specimens weighed after 5 to 6 >ears of exposure and without chemical cleaning 
t Desenption of filma after a to 0 >ears of exposure 


Expeneoce has shown nickel to be free from season cracking and other forms of 
Stress corro ion in atmoaphenc exposure 

GENERAL REFERENCES 
LaQci: F L Ve<h Eng 58 827-S13 (1938) 

McKat R 3 and R. WoRTBi>CTON Corronvn lte$uUnc« of Slelala and Alloyi IstEd. Iteinhold Pub- 
lishing Corp Newlork 1938. 


NICKEL^COPPER ALLOYS 
W Z Friend* 

The alloj’S of nickel and copper containing more than 50% nickel are referred to 
as Ni-Cu allojs to distinguish them from tho e containing more than 60% copper, 
referred to as Cu Ni allojsT He nominal compositions and mechamcal properties 
of the principal Ni-Cu allojs used for corrosion real ting purpo-^es are shown in 
Table 1 

The Ni-Cu allojs are more resistant than nickel under reducing conditions and 
more resLstant than copper under oxidizing conditions As a net result, they are, in 
general, more resistant to corrosion than either of their principal constituents Some 

•Development Research Division Tbe Inteitiational Nickel 0> Inc, New York N Y 
t The Cl Ni alloja are discussed beBinmne p 8a 
16 Pfoc A}r' Soe Tating Hattrtalt 13 137-154 (1943) 



Norninnl Coiniw^ilion, Cc ^>3* I Mccli:inicnl Properties 


NICKEIj-COPPKU a lwys 


2G7 



t Also available in the form of Monel-ela<l 
§ ^^echa^ic:ll proportic*? Riven for hol-rolIe<I rtxl. 
y Mechanical properties given for Iiot-rolled rtMl, heal-trc itttl. 
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study^ 2 of the senes of Jsi Cu and Cu-Ni allots has indicated that the alloy con- 
taining roughly two thirds nickel and one third copper possesses, m. general, the 
optimum corrosion resistance 

The commercial 70% 1^1-30% Cu alley (70-30 Ni Cu)* is a simple solid-solution 
alloy and is free from such types of corro ion as sometimes result from local galvanic 
effects between phases of multi pha<e alloys Its gahanic relationship to other metals 
and alloys i® m general the same in most corrosive solutions as its relationship in 
sea water as ^hown by the galvanic senes in Table 18 page 416 

CORROSION CHARACTERISTICS IN LIQUIDS 
Experience has ^hown that all of the Ni Cu alloys listed in Table 1 are substantially 
equal m resistance to corrosion As a general rule, selection of a matenal from this 
group la based upon mechanical or physical properties Similarity in the resistance of 
two of the e alloy a to 'everal corrosives la shown in Table 2 


Table 2 CORROSION OF Ni Cu ALLOYS BY SEVERAL CORROSIVE MEDIA 



Corroe on Rate mdd 

Material* 

lousaerated 

15% 

Amrooma ai 

In 16% 
Aerated 
Calc utD 

In Aerated Sodjum 
Cblonde at 

21»C (70*F> 
S6-Day Tt»V 

In unaerated 
50% 

Caiutie Soda 
at24*C 

la Aerated 
6% 

SuUune Aeid 
at24*C 


2 Day Teat 

2l*C(70*F> 
26-Day Teat 

3% 

Solution 

25% 

Solution 

(76* F) 
4-Day Teat 

(76* P) 
3-Dar Teet 




12 

3 

3 





13 

4 

3 



* See Table 1 /or alloy cooipoeidon. 


Fresh Water 

The Ni Cu alloys are highly resistant to corrosion by distilled water and by natural 
water both hard and solt Corrosion rates are usually negligible being less than 6 
mdd (0001 ipy) and often le^ than 05 mdd (00001 ipy) under the most severe 
conditions of temperature flow, and aeration 
Carbonated water under pressure k only sUghtly corrosive to Ni-Cu alloys The 
corrosion rate m a nickel lined carbonalor under a pressure of 450 psi was only 
1 03 mdd (0 0002 ipy) 

Boiler Water and Steasi Condensate 
Tests for 64 days m a boiler feed wafer heater at 198® C (388* F) under a pressure 
of 1000 p'l at a pH of 8 to SA oxygen content of 003 to 006 ml per liter, NH3 
content of 0 02 ppm and carbon dioxide practically zero showed 70-30 Ni Cu to hav e 
a corrosion rate of 0A4 mdd (000009 ipy) 

The condensate from mixtures of steam air, and carbon dioxide may be coiro'ive 
to the Ni Cu alloys if the ratio of carbon dioxide and air m the dissolved gases is 
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within certain limits. The test results in Table 3 indicate that at 35 psi pressure, 
corrosion occurs "d the condensate is saturated with a carbon dioxide-air mixture 
containing between 30 and about 90% carbon dioxide by volume. 

I 

Table 3. CORROSION OF 70-30 Ni-Cu BY DISTILLED WATER SATURATED 
WITH CARBON DIOXIDE-AIR MIXTURES 

Pressure — 35 psi. 

Velocity of specimens — 8.4 to 14.7 ft per min. 

Duration of tests — 22 hours. 

Size of specimens — 3.18 X 3.81 X 0.079 cm (1.25 X 1*5 X 0.031 in.). 


% by Volume 
of CO 2 and Air in 
^Entering Gas 

Corrosion Rate 

At 70° C (158° F) 

At 100° C (212° F) j 

At 135° C (275° F) 

mdd 

ipy 

mdd 

ipy 

mdd 

ipy 

30%C02, 70%Air 
70%C02, 30% Air 
80%C02,20%Air 

55 

370 

B 

197 

0.032 

32 

0.005 


Mine Watee 

Acid mine waters containing appreciable amounts of ferric or cupric salts may be 
corrosive to the Ni-Cu alloys as shown by the rates given in Table 4. These tests 


Table 4. CORROSION OF 70-30 Ni-Cu BY COAL MINE WATERS 


Temperature — atmospheric. 

Velocity — 1.8 ft per min (0.55 meter per min). 


Coal Mine 

Free H 2 SO 4 , 
ppm 

Ferric Ion, 
ppm 

Duration of 
Teste, days 

j Corrosion Rate 

mdd 

ipy 

Montour Mine No. 1 

■^1 

58 

119 

13G 

■9i 

Calumet Mine 


135 

98 

86 


Edna Mine No. 2 


800- 

79 

672 

■Hi 


in three Pennsylvania coal mines were made under the auspices of Carnegie Institute 
of Technology, U. S. Bureau of Mines, and the Advisory Board of Coal Mine 
Operators and Engineers.^ ' 

Sea Watee' 

The Ni-Cu alloys find their greatest usefulness in sea water under conditions 
involving high velocity, as in the case of propeller shafts, propellers, pump impellers, 
pump shafts, and condenser tubes where resistance to the effects of cavitation and 
impingement is significant. Corrosion rates in strongly agitated and aerated sea water 
usually do not exceed 6 mdd (0.001 ipy).^ (See Table 12, p. 408.) 

Conditions of stagnant exposure to sea water are less favorable to Ni-Cu alloys, 
since marine organisms may accumulate and induce local oxygen concentration cell 
action followed by pitting. Under such conditions, non-fouling Cu-Ni (lower nickel) 

® W. a. Selvigand G. M. Enos, Carnegie Institute for Coal Mining Investigations, Bu!i. 4, 69 pp. (1922). 

E. L. LaQue, J. Am. Soc. Naval Engrs., 63, 29-64 (1941). 
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alloys may be more ser\ leeable m spite of their somewhat lower resistance to general 
corrosion (See Table 8 p 399) 

Ison-oxidizing Inorganic Acids 

Sulfuric Acid The Jsi Cu alloys haie useful resistance within certain limits of 
concentration and temperature to corrosioti by all the mineral acids except those ol 
a highly oxidizing nature 

The effects of aeration and acid concentration upon the resistance of 70-30 Ni Cu 
to corrosion by sulfuric acid solutions at 30® C (86® F) are shown in Fig 1 5 In air- 
free acid solutions corro'ion rates are Ic^ than 50 mtld (0008 ipy) in all concentra- 



CONCENTRATION OF SULFURIC ACID IN */. BY WEIGHT 

Fig 1 Corrosion of 70% Vi-'30% Cu Alloy in Sulfuric Acid 

Teraperalure — 30* C (86* F) 

\elocity — 17 It per mm 
DiiratMO of test — 24 hr 

tions up to about 80% In air saturated acid solutions below 80% concentration 
maximum corro ion occurs at about 5% acid concentration where the corrosion rate 
is 240 mdd (0 04 ipj ) In sulfunc acid concentrations abot e about 80% at atmospheric 
temperature corro ion of the Cu alloys la usually loo high for economical use 
In particular caaes such as m the handling of oil refinery acid sludges and in oil 
siilfonation proces..es nhere mixtures of oil and concentrated sulfuric acid are 
encountered corrooion rateo are often low because of the inhibiting effect of the 
oils Tests m operating sulfonators ha%e «hoan coiTO'=ion rate* for 70-30 Ni-Cu of 
3 mdd (00005 ipy) to 9 mdd (00015 ipy) at temperatures up to 60® C (140® F) 

The effect of increasing temperature upon the corrosion rates of 70-30 Ni-Cu m 
5% sulfuric acid both air free and air-saturated, is «bown in Fig 2 It will be noted 
that in air free acid, increasing temperature has very little effect upon corrosion In 

Z Fnend CAern Met Eng 46 260-26“’ (1939) 
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68 86 104 122 140 158 176 194 212 230 248 

TEMPERATURE IN "F 

Fig. 2. Effect of Temperature on Corrosion of 70% Ni-30% Cu Alloy in 5 to C% 

Sulfuric Acid. 

Velocity — 15.5 to 1C.5 ft per min. 

Duration of test — 24 hr. 

air-saturated acid, the most active temperature level is about 80° C (176° F). The 
lower solubility of ox 3 'gen at higher temperatures probably accounts for the lower 
corrosion rates at higher temperatures. 

The Ni-Cu alloys may be used for handling boiling sulfuric acid solutions in con- 
centrations under 20% bj'' weight (Table 5). 


Table 5. CORROSION OF 70-30 Ni-Cu BY BOILING SULFURIC ACID SOLUTIONS 


Acid 

Concentration, 

Boiling 

Temperature 

Duration 
of Test, 

Corrosion Rate 

Wt. 

'C 

°F 

hour 

mdd 

ipy 

5 

101 

214 

23 

16 

0.0026 

10 

102 

216 

23 

15 

0.0024 

19 

104 

219 

23 

46 

0.0075 

50 

123 

253 

23 

3,180 

0.518 

75 

182 

360 

23 

10,400 

1.70 

96 

290-295 

554-563 

3 

1 

20,150 

3.28 


The addition of protein materials such as milk albumin to dilute aerated acid 
solutions is often effective in reducing corrosion as shown by the results of laboratory 
tests in Table 6. It is believed that the inhibiting effect is due to the film-forming 
characteristics of the protein, together with its reaction with some of the oxygen 
present. 
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Table 6 EIFECT OF PROTEIN ADDITION ON CORROSION OF 70-30 
Ni-Cu BY DILUTE SULFURIC ACID SOLUTIONS 


Temperature — 30*C (8fi*F) 
Duration at teste — 7 days 


Solution 

1 Corrosion Rate* 

mdd 

ipy 

Air-saturated 2% HjSOi 

253 

0 042 

Air-saturated 2% RtSOi plus 0 S% milk albumin 

121 

0 020 

Air saturated 5% HjSOi 

304 

0 019 

Air-saturated 5% H 2 SO 1 plus 0 5% nutk allnunm 

144 

0 023 


* Corrosion rates are high because of the aecumulatioo of eupnc sulfate after exposure of the alloy to 
aic saturated solutions for 7*day periods For normal corrosion rates in 24>hour tests in air saturated so- 
lutions see Fig 1 


Hydrochloric Acid. Corro«ion rates of 70-30 Ni-Cu® in air-free and air-saturated 
hjdrochJoric acid solutions at 30* C (86* D are shown in Fig 1, p 258 The upper 
cur\e for 70-30 Ni-Cu refers to air-saturated acid at a velocity of 216 ft per min 
(6 6 meters per min) For most purposes, the practical application of the Ni-Cu alloys 
IS confined to relatneb air-free acid m concentrations under about 20% by weight 
The corrosion rates of 70-30 Ni-Cu in 5% hjdrochlonc acid, both air-free and 
Qir-saturated at temperatures up to 90* C (191* F), are shoivn in Fig 2, p 258 In 
aerated solutions above atmospheric temperatures, the use of Ni-Cu allojs is u«uall> 
limited to concentrations of about 2% by weight They are being satisfactorily appbed 
to the handling of aerated hj drochloric acid in 2% solutions at 50° C (122* F) and m 
1% solutions at 80* C (ISO* F) 

In unaerated 5% hydrochloric acid, the Ni-Cu allojs are usefully resistant up to 
about 75* C (167* F) Applications in lower concentrations at higher temperatures 
are common The results of laboratory corrosion tests of 70-30 Ni-Cu in boiling 
hjdrochlonc acid solutions of several concentrations are shonn in Table 7 In mo«t 
of the processes m which hydrochloric acid is formed as a result of hydrolysis of 
non-oxidizmg chlorides, or of chlorinated solvents, acid concentration la less than 
0 5%, and temperatures up to 150® to 200® C (300® to 400® F) are being handled 
eatksfactarily 

Table 7. CORROSION OF 70-30 Ni-Cu BY BOILING HYDROCHLORIC 
ACID SOLUTIONS 
Duration of tntu — 10 days 
Velocity — none 
Aeration — none 



Hydrofluoric Acid. The Ni-Cu allojs are resistant to unaerated hydrofluoric acid 
solutions of all concentrations, including anhydrous acid, and at all temperatures up 
®W.Z Friend, and B B Knapp Trant An ItuI Chen Engrt 89,731-753 (1943) 
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to and including boiling. Corrosion rates of 70-30 Ni-Cu are shown in Table 8. Rates 
may be increased by a high degree of aeration, and by the presence of oxidizing 
salts in solution. 


Table 8. RESISTANCE OF 70-30 Ni-Cu TO CORROSION BY 
HYDROFLUORIC ACID 


t. 

Acid 

Concentration, 

^oIIFbyWt. 

Temperaturo 

Duration of 
Teat, hr 

Velocity, 
ft per min 

Corrosion Rate 

Air-Free 

Air-Saturated* 

“C 

n 

mdd 

ipy 

mdd 

ipy 

0 

70 


072 

None 

4.9 

o.ooost 



25 

30 


144 

42 

1.0 

0.0002t 

230 


25 

80 


144 

42 

14.5 

0.00241 

07 

0.011 

35 

120 

218 

144 

None 

G.S 

0.00111 

807 

0.145 

SO 

30 

80 

144 

42 

0.4 

0.00011 

49 


50 

SO 

170 

144 

42 

3.0 

0.00001 

241 

0.039 

70 

50 

122 

94 

None 

20.0 

0.00425 


• * • 

98 

115 

240 

187 

None 

12.2 

0.002011 


. . • 

100 

50 

122 

91 

None 

3.1 

0.00055 

... 

... 


* Duration of all air-saturated teats, 24 hr. 

t In pickling solution. Hydrogen generated in solution during pickling of steel, 
t Saturated with Nj. 

5 In closed steel bomb. 

11 In closed 70-30 Ni-Cu bomb. 


Phosphoric Acid. The Ni-Cu alloys have useful resistance to cold pure phosphoric 
acid solutions without aeration at all concentrations. They are also resistant to pure 
unaerated concentrated solutions at temperatures up to about 105° C (220° F). 

" Corrosion rates are usually Ic.ss than 60 mdd (0.10 ipy) in hot aerated solutions, and 
in concentrated unaciated solutions above 105° C (220° F) corrosion rates are likely 
to be appreciable, although not invariablj' so. The results of corrosion tests abstracted 
from several sources"'®'i’do arc summarized in Table 9. 

Corrosion rates are likely to bo high in crude phosphoric acid solutions containing 
ferric salts as encountered in the production of the acid by treatment of phosphate 
rock with sulfuric acid. Thus, in a 24-hour test® in a dilute unaerated crude phosphoric 
acid solution containing 0.40% iron at 80° C (176° F) the corrosion rate of 70-30 
Ni-Cu was 4270 mdd (0.70 ipy). 

Corrosion is insignificant in the low concentrations of phosphoric acid encountered 
in certain beverage syrups. 

Oxidizing Acids 

The Ni-Cu alloys are severdly attacked by oxidizing acids, such as nitric or nitrous, 
except in concentrations under 0.5% at atmospheric temperature. 

Concentrated suljurous acid solutions are usually very corrosive, especially when hot. 
The very dilute solutions encountered in the piescrvation of certain food products 
are not destructive although they may develop a dark tarnish. In a 20-hour test in 

’ C. E. Hartford and R. L. CopBon, Inti. Ena. Chem., 31, 1123-1128 (1939), 

® P. R. Kosting and C. Heins, Jr., Ind. Eng. Chem., 23, 140-150 (1931). 

” Unpublished data. ' 

C. B. Durgin, J. H. Lum, and J. E. Malowan, Trans. Am. Init. Chem. Engrs., 33, 643-068 (1937). 
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Table 9 CORROSION OF 7(M0 Ni Cu IN PURE PHOSPHORIC 
ACID SOLUTIONS 


Aeid CoQ 
centration 

Temperature 

Duration of 
Teat hr 

Corrosion Rate 


Unserated 

Aerated 

{See foot- 

p 273) 


•c 

•F 

mdd 

ipy 

mdd 

ipy 

10 0 

eo 

140 

COdaya 

31 

0 005 



(7) 

10 3 

80 

176 

24 



828* 

0 135 

( 8 ) 

25 0 

80 

176 

24 



425* 

0 069 

( 8 ) 

25 5 

95 

203 

24 

25 

0 004 

292’ 

0 M 8 

( 8 > 

67 0 

105 

220 

48 

19 

0 003 



(9) 

84 Ot 

U) 

140 

48 

2 

0 0003 

9t 

0 0014 

( 10 ) 

S5 0 

95 

203 


22 

0 0037 



( 8 ) 

S4 Ot 

120 

248 

48 

22 o 

0 037 

221 t 

0 036 

( 10 ) 

84 Ot 

180 

356 

48 



S39t 

0 088 

( 10 ) 

90 4 

lOu 

220 

48 

2 . 

0 003 



(9) 


* Aerated with 9o ml air per mirL tguated. 
t Aerated with 10 1 ters air per hr 
{ Per cent PjOj by weight 


an unaeratcd unagitated water solution contaming 1% sulfur dioxide at 20’ C 
(68* T) tVie corrosion rale o( 70*30 Ni Cu waa 384 indd (0062 ipy), whereas in a 
solution coDtaimng 0 15% sulfur dioxide at room temperature the corrosion rate 
was 3 mdd (0 0003 ipy) 

Organic Acids and Compounds 

The Ni-Cu alloys ore U'efully resistant to all the common organic acids, except 
when highl> aerated, and are practically free from corrosion by neutral and alkaline 
organic compounds 

Corrosion rates in unaeratcd acetic acid at room temperature usually do not 
exceed 25 mdd (0004 ipy) In air-saturatcd solutions at room temperature, rates 
of attack are between 50 mdd (0008 ipj) and mdd (0024 ipy) with maximum 
corrosion occurring at about 50% concentration as indicated by Fig 3 

Corrosion rates are increased somewhat by increasing temperatures, particularly 
in aerated solutions In iinaerated boiling solutions, the Ni Cu alloys are resistant at 
all concentrations as indicated b> the performance of 70-30 Ni-Cu in Table 10 In 
tfilivcva' I's s ci^ndesser at 210'* C P} tbe Fat& ma? SO ssdA 

(0 013 ipy) 


Table 10 CORROSION OF 70-30 NiCu BY BOILING UNAERATrn 
ACETIC ACID 


Boiiins under reflux. 
DurstioD of teets 20 br 


Acid 

Concentration 

%CH 3 COOHbyUt. 

1 In'lapors | 

1 In Liquid 

mdd 

ipy 

mdd 

ipy 

5 

S 0 

0 0013 

S 0 

0 0013 

60 

27 0 

0 0044 

13 0 

0 0021 

98 

10 0 

0 0016 

11 5 

0 0019 

99 9 

12 0 

0 0020 

38 0 

0 0062 
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Fig. 3. Corrosion of 70% Ni-30% Gu Alloy in Acetic Acid. 

Tempehature — 30° C (86° F) 

Air-8atura(ed tests: Duration of testa, 20 hr. Velocity, 16 ft per min. 

Unaerated testa: Duration of teats, 72 hr. No agitation. 


The performance of Ni-Cu alloys in other organic acids such as tartaric, malic, citricy 
jormic, lactic, and oxalic acids is somewhat similar to their performance in acetic 
acid. Corrosion rates in 30% concentrations of several of these acids are shown in 
Table 11. In a 168-hour test in unaerated boiling 50% malic acid, the corrosion rate 


Table 11. CORROSION OP 70-30 Ni-Cu BY UNAERATED ORGANIC ACID 
SOLUTIONS OF 30% CONCENTRATION 

Duration of tests — 11 days 
Beaker teats — no agitation. 


Corrosion Rate 


Acid 

Atmospheric 

Temperature 

60° C (140° F) 

' mdd 

ipy 

mdd 

ipy 

Tartaric 

7.2 

0.0012 

11 

0.0018 

Oxalic 

3.9 

0.0006 

49 

0.0080 

Citric 

8.9 

0.0015 

45 

0.0074 

Formic 

21.0 

0.0034 

142 

0.023 


was 11 mdd (0.0018 ipy). Resistance to the dilute acid concentrations encountered 
in a number of fruit juices is shown in Table 12.' 

The Ni-Cu alloys are resistant to fatty acids such as stearic and oleic even at 
elevated temperatures. Corrosion tests for 84 days in a vacuum fatty acid still at 
260° C (500° F) showed a corrosion rate of 26 mdd (0.0042 ip30 .n 
A studyi2 has been made of the resistance of several metals and alloys to corrosion 

G. L. Cor, Trans. Am. Inst. Chcm. Engrs.. 34, 657—679 (1938). 

S. Brallier, Private communication (1934). 
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by chlonnated solvenls and mixtures of these solvents with water, both at room 
temperature and boiling The corrosion rates obtained for 70-30 Ni Cu are shown 
in Table 12, p 265 


Table 12 RESISTANCE OF 7(W0 Ni Cu TO CORROSION BY FRUIT JUICES 


Product 


j Temperature 

Conditions 

j Corrosion Rate 

test hr 

•c 

•F 

mdd 

ipy 

Tomato juice 


Room 

Room 

Aerated agitated 

18 0 

0 0029 

Tomato juice 


Room 

Room 

Unoerated agitated 

0 2 

0 00003 

Tomato juice 

g 

77 

170 

Air-eaturaled mildly agitated 

45 0 

0 0073 

Tomato juice 

7 

90 

lOo 

Aerated mildly agitated 

67 0 

0 oil 

r>mnn 


Room 

Room 

Aerated agitated 

62 0 

0 010 

Lemon juice 


Room 

Room 

Unaerated agitated 

3 0 

0 OOOo 

Lemon juice 

34 

Boilina 

Boibna 

Under reOux unaerated 

4 0 

0 0007 

Pineapple juiee 


Room 

Room 

Aerated agitated 

31 0 

0 OOol 

Pineapple juice 


Room 

Room 

Unaeraied agitated 

4 0 

0 0007 

Pineapple juice 

106 

S2 

ISO 

Atr-aaturated 

183 0 

0 030 

Pineapple juice 

34 

, 74-80 

166-170 

Boding ID evaporator under 16-18 in. 







vacuum 

15 0 

0 0035 

Grape juice 


Room 

Room 

Aerated agitated 

28 0 

0 OMS 

Grape juee 


Room 

Room 

Unaerated agitated 

13 0 

0 0021 

Grape juice 

34 

BoUiog 

Boibng 

Under reflux unaeraied 

3 0 

0 0003 

Orange jujce 

72 

Doiling 

Doibna 

Under reflux unaented 

6 0 

0 0010 


Alealies 

The Cu allojs a^e practically completely resistant to most alkaline solutions 
except higbl} concentrated caustic «oda and caustic potash solutions at high tem- 
peratures The results of a number of corro ion tests of 70-30 Ni Cu m caustic 
«oda eolutions imder various conditions of concentration and temperature are given 
in Table 13 

These alloj’s are re^Uitant to cnhi/rfroits ammoraa In aqua ammonia or ammonium 
hydroxide their resistance is good up to an NHa concentration of about 3% bj weight 
In higher concentrations or m the presence of ammomum salts, corrosion is usually 
appreciable, being accelerated by aeration and temperature 

Salt SoLtmoNS 

Neutral and Alkaline Salts Solutions of neutral and alkahne ^^alfs «uch as 
cblonde«, carbonates, sulfates nitrates, and acetates hav e little corrosive action on 
the Ni-Cu allojs Even m hot concentrated oolutions corro«ion rates are usually 
less than 6 mdd (0 001 ipj ) The reeults of corrosion teats of 70-30 Ni Cu in a number 
of such «olutions are shown m Table 14 

Acid Salts The'se allojs have useful resistance to solutions of acid salts ®uch as 
aluminum sulfate ammonium sulfate, ammomum chloride, and zinc chloride 
Corrosion rates m boilmg concentrated solutions are usually less than 125 mdd 

** iDtCTnational 'NicV.elCo Inc Resutanceof Nickd and Its Alloys to Corros on b}' Caustic Alkalies ” 

r«A.BuH T-6. 
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Table 13. RESISTANCE OF 70-30 Ni-Cu TO CORROSION BY CAUSTIC SODA 

SOLUTIONS 


Caustic 
Concentration, 
% NaOH 

Type of Test 

Temperature 

Duration 

of 

Test, hr 

Aeration 

Veloc- 

ity, 

ft/min 

Corrosion Rate 

by Wt. 


°c 

“F 



mdd 

ipy 

4’ 

Lab. immersion 

30 

86 

96 

Air-saturated 


1.47 

0 0002 

4* 

Lab. immersion 

30 

86 

96 

Nat. convect. 


1.16 

0.0002 

10 

Lab. immersion 

30 

86 

336 

4< 

II 

16 

0.1 

0 00002 

10 

Lab. immersion 

Boiling 

Boiling 

300 

41 

II 


0.32 

0.00005 

14 

Plant evaporator 

88 

190 

,2160 

l( 

II 


0.33 

0.00005 

23 

Plant receiving tank 

104 

220 

720 

4( 

II 


1.2 

0.0002 

50 

Lab. immersion 

30 

86 

525 

II 

41 

16 

1.8 

0.0003 

50 

Lab. immersion 

Boiling 

Boiling 

318 

II 

II 


3.7 

0.0006 

70 

Plant receiving tank 

90-115 

194-239 

2160 

II 

II 


7.14 

0.0011 

60-75 

Plant evaporator 

150-175 

302-347 

14 

4 1 



28.8 

0 0047 

60-98 

Plant evaporator 

150-260 

302-500 

45 

It 

II 

HU 

81.6 

0.0134 

Anhydrous 

Plant evaporator 

400-410 

752-770 

31 

11 

41 

■ 

324.0 

0.C532 


*K. A. iJawdon and E. C. Groeabecfe, Bureau of Standards, Tech. Bull. 367, 409-446 (1928). 


Table 14. CORROSION OF 70-30 Ni-Cu BY SOLUTIONS OF NEUTRAL 
AND ALKALINE SALTS 


Corrosive 

Test Conditions 

Corrosion Rate 

mdd 

ipy 

Calcium chloride 

In evaporator concentrating solution to 35% at 70°-160° C 
(100'’-320° F) for 225 days 

2 

0 0003 

Cobalt acetate 

In evaporator at 107° C (225° F) for 950 hours 

21 

0.003 

Sodium chloride 

Saturated solution mixed with steam and air at 93 ° C 
(200° F) 

16 

0.0026 

Sodium metasilicate 

In evaporator concentrating to 50% concentration at 110® C 

^ 1 



(230® F) for 42 days 

0.2 

0.00003 

Sodium nitrate 

In 27 % solution at 50® C (122® F) for 136 hours 

1.1 

0.0002 


(0.02 ipy) . The results of a number of tests in acid salt solutions under plant operating 
conditions are shown in Table 15. 

Oxidizing Acid Salts. The Ni-Cu alloys are not resistant to oxidizing acid salts 
such as ferric chloride, ferric sulfate, cupric chloride, stannic chloride, mercuric 
chloride, and silver nitrate, except in extremely dilute solutions. This also applies 
to acids containing chromates, dichromates, nitrates, peroxides, and other oxidizing 
compounds; except in a few specific cases, such as acid tanning and textile solutions 
containing chromates, where the presence of glucose or other organic materials may 
have an inhibiting effect^'* 

The corrosive effect upon 70-30 Ni-Cu of additions of ierric sulfate to dilute 
sulfuric acid solutions is shown by the test results given in Table 16. 

Oxidizing Alkaline Salts. Concentrated hypochlorite solutions are definitely 
corrosive to Ni-Cu alloys. For continuous exposure, their use is generally limited 
to the very dilute solutions, containing less than about 500 ppm available chlorine, 
frequently used for sterilizing purposes. For discontinuous exposure, as in cyclic 

“Wi Z. Friend, Chem. Met. Eng., 46, 260-262 (1939). 
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Table 15 CORROSION OF 7{M0 N»-Cu BY SOLUTIONS OF VARIOUS 
TYPICAL ACID SALTS 



Exposure Conditions (Concentration of 

(Corrosion Rate 


Saltin%byV.t) 

mdd 

ipy 

Alununum sulfate 

Quiet immersion in 2i>% solution m ator^e tank at 35* C 
{9o* F) for 112 dais 

10 

0 0016 

Aluiniaum sulfate 

In evaporator concentrating to SJ% solution at 11C*C 
(240* n fort! dsis 

100 

0 0163 

Ammonium chlofid"* 

In evaporator conccniraling 2S to 40^ at 102* C (216* FI 
for 32 days 

73 

0 012 

Ammonium sulfate 
plus free sulfuric 

Saturated solution eonlainiog 5^ eulfunc acid in suspension 
tank during crislalbzntion at 41*C (106* FI for 33 days 

18 

0 0030 

Magnesium ehloride 

Specimens immersed in boiling 42<^ solution in flask fitted 
with reflux condenser at 133* C <273* F) for 20 days 

2 0 

0 0003 

Manganous chloride 

Specimens half submerged in open evaporating pan eoncen- ' 
tratmg to 37 % at JOo* C (220* F) for 19 days 

116 

0 019 

Alanganese sulfate 

In evaporator eoneenirating I 230to I 3S0»p gr atll3*C 
(233* F) (or 11 days 

29 

0 0043 

Zinc chloride 

In evaporator concentrating 7 9 to 21 at 38* C (100* F) 
under 2^23 in vacuum for 210 days 1 

28 

0 0045 

Zinc cbionde 

In evaporator coneeniratiag 21 to €9*^ at 116’C (240* F) 
under 13 i«L vacuum for 90 days I 

98 

0 016 

Zioo sulfate 

1 

la saturated aotulion containing trace of sulfune acid in I 
evaporating pan at 107* C (223* F) for 3o days with 1 
vigorous stirnng 

! 

123 ' 

0 020 


Table 16 CORROSION OF 7Ct30 Ni-Cu BY AIR-SATURATED SULFURIC 
ACID CONTAINING FERRIC SULFATE 

Temper»tuM — »tm*T5hene 
Cootinuou* tno\«iiieot 


Acid 

Concentration 
% HjSO« by 3Vt 

Iron,' 

Corrosion Rate | 

Ratio of Corrosion 
to That in 

Pure Acid 

redd 

ipy 

2 02 

Nil 

170 

0 028 


2 44 

1 0 

0990 

1 14 

41 1 

1 60 

Nil 

' 140 

0 023 


1 66 

0 Oo 

121u 

0 20 

8 7 

0 533 

Nil 

115 

0 019 


0 601 

0 Co 

1493 

0 24 

13 0 

0 710 

0 10 

2600 

0 42 

23 1 

0 0633 

Nil 

76 

0 012 


0 06.50 

0 003 

243 

0 040 

3 2 

0 0So7 

0 010 

421 

0 0C9 

5 S 


• Added as feme sulfate 

textile bleaching operations where bleaclung is followed bj rinsing and (acid) souring 
m the same \e"el, h^pochlonte concentrations up to 3 grains per liter available 
chlonne can be handled safely When corroaion occurs, it is likely to be locabzed 
on the form of pits 

iDtematiocal Nicke! Co ■ la" , "Nickel STonel Aisd Incooel m Textile Bleachins Operationi," Tech 
BidZ T-22 
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The resistance of Ni-Cu alloys to corrosion by hypochlorite solutions is increased 
somewhat by a high degree of surface polish. Small concentrations of .sodium silicate 
have been found effective in inhibiting attack by hypochlorites. As little as 0.5 ml 
per liter of 1.4 sp. gr. sodium silicate rvill often suffice. Phosphates are also effective 
(Table 17). 

Tadue 17. EFFECT OF INHIBITORS ON CORROSION OF 70-30 Ni-Cu BY 
SODIUM HYPOCHLORITE SOLUTIONS 


Temperature — 40® C (10-1® F). 
Duration of tests — 16 hr. 
Beaker tests — no agitation. 


Solution Composition, 
grams per liter 

Corrosion Hate 

Max. Depth Pitting 

Available 

Chlorine 

Sodium 

Silicate 

Trisodium 

Phosphate 

mdd 

ipy 

mm 

in. 

G.5 



692 

0.113 

0.28 

0.011 

6.5 

0.5 


107 

0.018 

0.13 

0.005 

6.5 

. . . 

0.5 

51 

0.00S3 

0.15 

0.006 

6.5 

2.0 

s % « 

13 

0.0021 

0.18 


6.5 

... 

2.0 

21 

0.0034 

0.13 

0.005 

3.3 


... 

243 

0.040 

0.18 

0.007 

3.3 

0.5 

* . . 

G 

0.0010 

None 

None 

3.3 

... 

0.5 

26 

0.0042 

0.08 


0.1 


... 

23 

0.0038 

0.08 

0.003 

0.1 

0.5 


2 

0.0003 

None 

None 

0.1 


0.5 

8 

0.0013 

None 

None 


These alloys are resistant to alkaline peroxide solutions. 


EFFECT OF MERCURY 

The 70-30 Ni-Cu alloy resists amalgamation by mercury at moderate temperatures. 
In 15-day tests at 400° C (750° F) amalgamation was noted. It may be subject to 
stress cracking and should be stress-relief annealed without subsequent removal of 
oxide as a safeguard against this. 

EFFECT OF STRESS 

Stress corrosion cracking of 70-30 Ni-Cu has been observed^c only in a ferv specific 
corrosives such as mercury and solutions of its salts, fluosilicic acid and its salts, and 
high-concentration, high-temperature caustic soda and caustic potash. Unless veiy 
high stresses are imposed on the alloy in service, stress corrosion cracking can be 
prevented in all the above media by suitable stress relieving heat treatment of the 
equipment before placing in use. In the mercury and fluosilicate environments, a 
stress relief anneal at 540° C (1000° F) for about one hour is suitable, and in the 
high-temperature strong caustic solutions, a brief (3 to 5 minutes) anneal at 875° C 
(1600° F) is adequate. 

O. B. J. Fraser, "Stress Corrosion Cracking of Nickel and SomeNiokel Alloys,” Symposium on Stress- 
Corrosion Cracking of Metals (1944), American Society for Testing Materials and American Institute of 
Mining and Metallurgical Engineers, Philadelphia and New York, 1945, 
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High o long a* tliej ire uniform and not accompanied bj phj<ical 

transformation do not «ignificantl> increase the corro-ion rate in anj of the corrosues 
m which the alloj would ordinanlj be used Thia is mdicated bj the corrtKion test 
data m Fig 7 on p 077 


t\ET AND DEN GASES 

The Ni Cu alloj ■! are resistant to coiro ion b> all the common drj ga^es at or near 
atmospheric temperature Howeier thei ire not resistant (o «uch gases a chlorine 
bromine mtric oxide ammonia and sulfur dioxide m the presence of appreciable 
amounts of water 

The Ni Cu allojo are corroded at a moderate rate bj mout hjdrogen sulfide and 
corrcLion la accompanied bj the formation of a «ulfide tamisfa The 70-30 \i Cu alloj 
su_ pended o\ er water through which hjdrogen sulfide was bubbled at 6o® C (loO“F) 
was corroded at a rale of ISO mdd (0030 ipj ) 

ATMOSPHERIC CORROSION 

The Ni Cu alloj's will remam reasonablj bright and free from tamuh mdoor® 
In outdoor atmospheres thei remain bright onlj m rural atmosphere# that are 
es.eQtiallj free from "ulfur gases In «uIfurous atmosphere* the> will graduslly 
acquire a browouh or grceni.h film at a rate depending upon the sulfur content of 
the atmo phere The effect, of weathering are not unpleasing m rural manne and 
mild mdu tnal atmo'pheres and the \i-Cu allojs arc u ed to a comiderable extent 
for outdoor architectural decoration Even where the rate of tami hing » greatest 
the effect on phv’^ical and mechanical propertie* i» negligible 

Some quantitative data*^ on the rc'i.tance of 70-30 Ni Cu to corro'ion bj various 
atmo pheres is provided bj 9- to lO-jear expo lire tests made b> Subcommittee M 
of Committee B-3 of the Amencan Societj for Te-ting MatenaU These resulta are 
giv en m Table 18 


Table IS CORRO-ION OF ‘0-30 Ni-Cu IN \ ^RIOCS ATMO'-PHERES* 


Specimens were exposed 9 to 10 > ear* followed bv chenu'-al cleaning except where noted 


Test Location 

Type of 

Conor on Rate 

D( «cnption of Corro»ion-Produet Films 

Atmo«phere 

mdd 

•py 

at Completion of Test 

Pittiburgh. Pa. 

Indiutnalf 

0 ■’3 

0 oooot 

Smooth black film! 

Altoona. Pa. 

Isdiutnal 

0 37 

0 oooor 

rvim fsirly smooth black adherent *ooty 

New Yorh, N \ 

Industrial 

0 3o 

0 0000b 

Film smooth, j-ellowish brown, adherent with loose 
powdery surface deposit 

Poehester N Y 

Todustnalt 

0 09 

0 00001 

IndesccDt dark smooth film* 

^andyHook. V 3 

*^a coast 

0 15 

0 00003 

Film smooth browni-h gray adherent 

Key V\ est Fla. 

*^3 coast 

0 04 

0 00000" 

TaroLh smooth gray green 

La Jolla. Cabl 

coast 

0 On 

O COOOtks 

Film •mooVh gray grten with spots of locae green 
scale adherent 

State CoCege Pa. 

Pciral 

0 03 

0 ooooo. 

Tarnish smooth gr*P 

Phoenix. Anx. 

Rural 

0 01 

0 00000” 

Tamidi smooth gray 


* From 1913 Report of Subcommittee VI Cotnmttee B-3 Amencan Society for Testing Matemla. 
t Specimens weighed after a to 6 }-ears of eap u sure and without chemical cleaning, 
t DescnptioD of films after p to 6 > ears of espusurtL 


Pm Am ^ Te^ng Va.rrM/r 43 13" 154 (1943) 
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Experience has shown the 70-30 Ni-Cu alloy to be free from season cracking and 
other forms of stress corrosion in atmospheric exposure. 


, GENERAL REFERENCES 

Lt.QnE, F. L., Mech. Eng., 58, 827-843 (1936). 

McKay, R. J., and R. Worthington, Corrosion Resistance of Metals and Alloys, 1st Ed., Reinhold Pub- 
lishing Corp., New York, 1936. 


NICKEL-CHROMIUM ALLOYS 
W. Z. Friend* 

GENERAL PROPERTIES 

There are available a number of alloys containing 60 to 80% nickel and 13 to 20% 
chromium, with the remainder mostly iron. These, having a nickel base, are referred 
to as Ni-Cr alloys to distinguish them from the stainless steels or Cr-Ni-Fe alloys. 


Table 1. NOMINAL COMPOSITION AND MECHANICAL PROPERTIES OF 
TYPICAL Ni-Cr ALLOYS AND HARD SURFACING MATERIALS 



Nominal Composition, % by Wt 

Range of Mechanical Properties 

Tensile 
Strength, ps! 

1 

Yield 

Strength, psi 

1 

Elong. in 2 in., 

% 

Hardness, 
Brlnnell, 
3000 kg 

Material 

Nickel Chromium Iron Manganese 


Wrought Alloys 


Inconelit 

1 

80.0 

79,6 

65.0 

60.0 

20 

13 

13 

16 

1 

6.5 

21,0 

23.0 

0.25 

1 

1 

80.000-120,000* 

85.000- 120,000t 

70.000- 110,000* j 

70.000- 120,000* 

50.000- 65,000 

35.000- 90,000 

60.000- 66,000 
50,000-65,000 

40-35 

45-30 

35-25 

35-25 

180-200 

120-240 

180-200 

180-200 

Cast Alloys 

Inconel 

77.8 

13,5 

6 


70,000-95.000 

30,000-45,000 

30-10 

160-190 


65-68 

15-19 



60,000-75.000 

30,000-46,000 

25-5 

180-200 


69-62 

10-14 


hbi 

60.000-75,000 

30,000^5,000 

25-5 i 

1 

180-200 


Hard Surfacing Materials 



Nickel 

Chromium 

Boron 

Fe. Si, 
and Cu 



Hardness, 
Rockwell C 


80 

11 

2 




35-40 


76 

13 





45 .5n 


68 

18 

4 




56-60 

Colmonoy 

77 

19 

4 










* Annealed wire. , 

t Hot-rolled rod. 

J Also available in the lorm of Inconel-clad steel. 

The nominal chemical compositions and mechanical properties of several typical 
alloys of this group are given in Table I. Of these, the 79.5% Ni-13% Cr-6.5% Fe 
alloyt is the material which has been used most widely for corrosion-resistant pur- 
poses and for which the greatest amount of corrosion test data are available. The 

' Development and Research Division, The International Nickel Co., Inc., New York, N. Y. 
t Inconel. 
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other allojs ha%e been used chiefly for heat rc«i8tmg purposes (See IIighKickeU 
Chromium (Iroi ) Alloyi p 6S3 ) In general their corro.'ion re. istant characteristic^ 
are similar to tho o of the 80% Ni 13% Cr 7%re alloy, the data for which may be 
u ed as a guide to their probable u efulness in corrosive environments 

In addition there are several gradcsi of the hard surfacing material known as 
Colmonoy which have a nickel ba«e (68 to 85% nickel depending upon the grade) 
Vnother e «ential constituent is chromium bondc crystals The nickel and chromium 
contents of the four grades of Colmonoy (4 5 6 and 300 C) are such as to indicate 
that thej would he somewhat similar to the 80% Ni 13% Cr-7% Fe alloy in corro. ion 
resistance 

The chromium content of the Ivi Cr allojs makes them superior to pure nickel 
under oxid zing conditions while the high mckcl content enables them to retain 
con-iderable resistance under reducing conditions and m strongly alkaline 'olutio^ 
In verj strongh oxid zmg solution, except tho e of the oxidizing halogens they are 
gcnerall> re«i«tant to attack However the oxidizing effect of dissolved air alone is 
not TufTcient to injure complete pas ml} and Irccdom from attack by air-«a£urated 
mineral acids or «omc concentrated organic acids 

It would be expected that the mo^t «ignificant differences m performance of the 
allovs of this group would occur on the one hand m oxidizing solutions such as 
nitric acid where higher chromium contents are u«ual!j most effective and on the 
other hand in red icing acid\ «uch as hjdrochlonc where increased nickel content 
la usuall} beneficial Such limited comparative test data as are available would appear 
to confirm th « (See Tables 4 and 6) 

The galvanic relationship of the Ni Cr aUo>s to other metals and allojs will 
depend to «ome extent upon whether the environment la one requiring the mam 
tonance of pa« ivitj for corro ion rc»i<tance If so the allov when pa« no will occupy 
a position in the galvanic senec of greater nobility than when active as indicated in 
the galvanic «cries shown m Table 18 p 416 

CORROSION CHARACTERISTICS IN LIQUIDS 

Fresh Water 

The Ni Cr allojs are pncticallj free from corrosion bj distilled water and bv 
fre..h water including the ma t corro ne of natural water which contain free carbon 
dioxide iron compound® chlorides and di'solved air 

Boiler Water and Steui Condbnsvtf 

These allovs are al o highlj re^btant to hot boiler waters and to steam condensate 
containing carbon dioxide and air In 22 hour laboratorj testa in distilled water 
saturated with v anon's mixtures of carbon dioxide and air under 3a p i pressure at 
temperatures of 70’ C (158° F) to 13 d® C (275® F) and with velocities of 26 to 45 
meters (8 4 to 14 7 ft) per min the corrosion rate of the 80% Ni 13% Cr 7% Fe alloj 
did not exceed 1 mdd (00002 ipy) 

Mint: W’'ater 

These materials are highly re«7 tant to mme waters including acid waters containing 
considerable amounts of feme or cupnc sulfate In a coal mine water having a pH 
of 15 and a total iron content of 363 ppm the corrosion rate of the 80%I'ii 13% 
Cr 7%Fe alloy was 1 mdd (000(K2 jpj) Tlie results of teat* with a 56 to 60% Ni 
12 to 14% Cr alloj in three Pennsylvania coal mines under tho auspices of Carnegie 
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Institute of Technology, the U. S. Bureau of Mines, and an Advisory Board of Coal 
Mine Operators and Engineers^ are shown in Table 2. 


Table 2. CORROSION OF A 58 TO 60% NICKEL, 12 TO 14% CHROMIUM, 
IRON ALLOY IN COAL MINE WATERS 


Temperature — atmospheric. 

Velocity — 0.55 meter (1.8 ft) per min. 


Coal Mine 

Free HjSOi, 

Ferric Ion» 

Duration of 

Corrosion Rate 

ppm 

ppm 

Tests, days 

mdd 

ipy 

Montour Mine No. 1 

mBSM 

58 

119 

2.45 

0.00041 

Calumet Mine 


135 

98 

5.8 

0.00098 

Edna Mine No. 2 


860 

135 

l.Sl 

0 0003 


Sea. Water 

The Ni-Cr alloys are moderately resistant to rapidly flowing sea water, but in quiet 
or stagnant exposure, pitting may occur. (Refer to Table 13, p. 409.) In salt-spraj' 
tests, these alloys are among the most resistant of commonly available materials. 
They are useful for applications involving exposure to marine atmospheres. 

Non-Oxidizing Inorganic Acids 

Sulfuric Acid. The Ni-Cr allo 3 ^s have fair resistance to sulfuric acid solutions at 
atmospheric temperature. As a general rule, the oxidizing effect of aeration alone is 
not sufficient to provide passivity, and corrosion in air-saturated solutions is greater 
than in unaerated solutions. Corrosion rates are appreciably increased at elevated 
temperatures. The addition of a small amount of an oxidizing salt such as ferric or 
cupric sulfate to acid solutions will increase the passivity range and decrease corrosion 
(inhibition). The results of several corrosion tests in pure sulfuric acid solutions are 
given in Table 3. 

Hydrochloric Acid. These alloj^s are useful in hydrochloric acid only in dilute 
solutions below about 5% concentration by weight at atmospheric temperature. 
Corrosion is usually severe at elevated temperatures. Performance in hydrochloric 
acid solutions is indicated by the test results given in Table 4. In the very dilute 
solutions associated with the hj^drolysis of chlorinated solvents in the presence of 
Water, and dilute solutions of some acid chlorides, corrosion resistance is usually 
adequate even at boiling temperatures. The alloys with nickel content around 80% 
appear to be somewhat more resistant than those with lower nickel content. 

Hydrofluoric Acid. The Ni-Cr alloys are usually resistant to all concentrations 
of hydrofluoric acid, including anhydrous acid at atmospheric temperature, but maj' 
be severely attacked at elevated temperatures. Thus, in 30-day tests, in hydrofluoric 
acid pickling solutions the corrosion rate of the 80% Ni-I3% Cr-7% Fe alloy was less 
than 1 mdd (0.0002 ipy) in air-free 10% acid at 20° C (68° F), but was 403 mdd ' 
(0.068 ipy) in 6% acid at 77° C (170° F). 

Hydrogen Sulfide Solutions. Resistance to hydrogen sulfide solutions is good. 
Laboratory tests of the 80% Ni-13% Cr-7% Fe alloy gave corrosion rates of 0.4 mdd 
(0.00007 ipy) in tap water saturated with hydrogen sulfide at 25° C (77° F), and 58 
mdd (0.010 ipy) in aerated hydrogen sulfide gas saturated with water at 66° C 
(150° F). Duration of tests was 24 hours. 

’ W. A. Selvig and G. M. Enoa, Carnegie Institute for Coal Mining Investigations, Bull 4, 69 pp. (1922). 
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(1)W Ilohn Z irctallhunde 18 3S7 (J9‘’0) 



Table 4. CORROSION OF Ni-Cr ALLOYS BY HYDROCHLORIC ACID SOLUTIONS 
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(1) W. Rohn, Z. Meiallkundc, 18, 387 (192G). 

(2) F. Ritter, Korrosionstabellen Metallischer Werkstoffe, p. 148, J. Springer, Vienna, 1937. 
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i Per cent PjO* by we ght 

{1)W Uohn Z 18 387 (1020) 

(2) Unpubl shed data. 

(3) C B Durgm J II Lum and J P Male 
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Phosphoric Acid. The Ni-Cr alloys are apparently resistant to phosphoric acid 
solutions of all concentrations at atmospheric temperature. This applies both to pure 
solutions and to crude impure solutions containing oxidizing salts such as ferric 
sulfate. In fact, the range of usefulness is somewhat greater in impure than in pure 
solutions. However, this resistance does not extend to hot concentrated solutions in 
which very high corrosion rates have been obtained. The results of a number of 
corrosion tests of these alloys in pure phosphoric acid solutions are given in Table 5. 
A corrosion rate of 4780 mdd (0.80 ipy) was reported^ for an 80% Ni'20% Cr alloy 
in a 24-hour test at 97° C (207° F) in concentrated crude phosphoric acid from 
Florida pebble phosphate rock. 

Oxidizing Acids 

, Nitric Acid. The Ni-Cr alloys as a gi-oup are highly resistant to strongly oxidizing 
acids at atmospheric temperature. Apparently the higher the chromium content and 
the lower the nickel content, the wider the range of concentrations and temperatures 
in which passivity exists. Thus from Table 6 it will be noted that the 80% Ni-13% 
Cr-7% Fe alloy has good resistance to nitric acid solutions above about 20% concen- 
tration at atmospheric temperature, while at lower concentrations corrosion rates are 
considerably higher. On the- other hand, 79% Ni-20% Cr and 69% Ni-20% Cr-10% 
Fe alloys are resistant to 10% nitric acid solutions. These alloys are generally inferior 
to the Cr-Ni-Fe and Cr-Fe stainless steels in hot nitric acid solutions.^ (See Table 1, 
p. 144; Table 3, p. 148; and Table 5, p. 159.) ' 

In 48-hour tests in red fuming nitric acid at atmospheric temperature containing 
13 to 18% dissolved NO 2 and 2 to 5% water (sp. gr. 1.55 to 159), the corrosion rate 
of the 80% Ni-13% Cr-7% Fe alloy was 6 mdd (0.001 ipy). In a 6-hour test at 108° to 
170° C (227° to 338° F) the rate was 210,000 mdd (35.4 ipy). 

Sulfurous Acid. Sulfurous acid solutions are usually corrosive to the Ni-Cr alloys, 
especially when hot. In 24-hour tests at 20° C (68° F) the 80% Ni-13% Cr-7% Fe 
alloy corroded at a rate of 72 mdd (0.011 ipy) in a solution containing 1% SO 2 , and 
at a rate of 156 mdd (0.024 ipy) in a solution containing 5% SO 2 . However, in a 
24-hour test in moist sulfur dioxide gas which had been bubbled through water at 
room temperature, an 80% Ni-20% Cr alloy showed no weight loss. These alloys are 
resistant to the very low sulfur dioxide concentrations used in the preservation of 
some foods. 

Organic Acids and Compounds 

The Ni-Cr alloys have generally good resistance to organic acids although 
this resistance does not extend to boiling concentrated solutions of such acids as 
ncetic and jormic. Corrosion rates in acetic acid solutions are shown in Table 7. The 
results of corrosion tests in a number of other organic acids are given in Table 8. 
In the fatty acids, such as oleic and stearic, resistance is excellent even at distillation 
temperatures of 200° to 300° C (400° to 600° F). 

These alloys have excellent resistance to corrosion by dilute organic acids and 
other organic compounds as these occur in food products, including dairy products, 

fruit juices, and alcoholic beverages.4.5,G.7 

^ P. R. Kosting and C. Heins, Jr., Ind. Eng. Chem., 23, 140-150 (1931). 

^ P. Ritter, Korrosionslabellen metaUischer Werkstoffe, p. 144i J. Springer, Vienna, 1937. 

^ R. J. McKay, Metals and Alloys, 4, 177-180 (1933). 

H. A. Trebler, Metals and Alloys, 12, 735—743 (1940). 

’’ International Nickel Co., Inc., "The Resistance of Pure Nickel and Inconel to Corrosion by Milk ” 
Tech. Bull. TS-1. 

' ’’International Nickel Co., Inc., “Metals and Wines, DistUled Liquors and Beers,” Tech. Bull. TS-6. 
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18 337 (102^) 



Table 7 . CORROSION OF Ni-Cr ALLOYS BY ACETIC ACID SOLUTIONS 
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* Aeration by natural convection. 

(1) W. Kohn, Z. Mctallhunde, 18, 387 (1926). 
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T\ble S CORROSION' OF 80% Ni--13% Cr-7% Fe ALLO\ • B\ ORGANIC ACIDS 


Cm..... 

Exposure Conditions (Concentrations in % by 

j Corrosion Rate 

W t. in Water Solutions) 

mdd 

ipy 

Acetic acid 
Citnc acid ; 

See Table 7 

Immersed in ex sporatorduniiE concentration from CO to 78% Boding 
under xacuuin at 4'’* to 51"C (108" to 147* F) for 37 5 daya 

14 0 

0 0024 

Cres%bc acid 

Lab test immersed in eoneentrated acid boding at atm pressure for 

7 dal’s No aeration or stirring 

-0 9 

0 0001 

Formic acid | 

Immersed in eomn ereially pure 90% solution in storage lank at at- 
mo*phenc temp (or 14 daja 

23 8 

0 001 

Formic acid 

Immersed in 00% solution in punbcation eidl at IDO* C (312* F) tor 
£ dais 

m 0 

0 020 

Fatt> acids 

Inunersed in mixed oleic and steane acids in preheater to xseuum sidl 
at 24(>* C (47o* F) for 147 da> a 

2 0 

0 0003 

Glucoruc acid 

Lab teat immersed in 4 liten of 1% solution. Boiling at atm pressure 
for 43 br 

1 1 

0 0003 

lactic acid 

Lab test immersed id 4o% solution at atm temp for 14 days \ii^ 
saturated bi bubbling Iclocity 4 0 meters (16 {ti per min. 

0 S 1 

0 0001 

Lactic acid 

1 Irninersed in xacuura exaporalordunogconcenlration froml0toS0% 

1 at»4*C (130* F) forSOObr 

47 0 

0 DOS 

Leiadiiue aud 

Immersed in pure 9S% leyiiboic acid in storage tank at 32® to 43' C 
(90" to 110* F» for 57 daya 

5 0 

0 0008 

Maleic acid 

Lab test unmersect ID 10% sotuiion at 30*C ($6*F) for Tdays Air* 
saturated by bubbbag 100 ml air per nun. No stimng 

I 2 

0 0002 

M&leic acid 

Lab test immerseil in 10% eolution boding at 104' C (219* F) for 7 
daj a No aerecioD or stimng 

110 0 

0 0^ 

MaLe acid 

Lab tsst imraersed m 10% solution at 30"C <86* P) for 7 days. Air 
saturatsd by bubbling 100 ml air per aiit. No siimng 

0 

0 

Mai e acid 

Lab test immersed in 10% solution at 100* C (212* F) for 7 daya 
No aeration or stimng. 

&> 0 

i 0 014 

Phthalie acid 

Lab test immersed in 4 7o% eolution boding at SO* C (176* F) for 

7 days No aeration or atirnog. 

0 02 

0 000002 

Tartane acid 

Immersed in 57% solution in taeuum exaporating paa Doibng under 
27 la Kg vacuum at ot*C (130* F> (or 240 br 

14 0 

0 0(7*4 


• Ineonel 


In laboraton tp't* with specimens immersed m commemall} pure phenol with 
no agitation the corrosion rate of the S0% Ni-13% Cr-7% Fe alloy wsa 0 44 mdd 
(000007 ipj) in 14-dj% teats at 53*0 (127" F) and 0^ mdd (OOOOOG ipj) in 6-day 
tests at 184" C (363" F) 

At.walt es 

The Ni Cr alIoA> are re'i tant to corrosion bj caustic alkalies and alkaline solutions 
m most concentrations and temperatures, except m highlj concentrated eodmtn or 
pota^ium hjdroxide at high temperature “uch as 90 to 100% cauatic at 375" to 475" C 
(700* to900"F) In plant and laboraloiy tC't* in \arious concentrations of hot sodium 
bA dronde up to 70%, the corro lOn rate of the 80% Ni-13% Cr-7% Fe alloj did not 
exceed 2 mdd (0 0003 ipj ) In a So-daj te«t m 75% caustic '^oda at 135" C (275" F) 
its corro ion rate was S mdd (0 0013 ipj ) In laboritoiy te^ta on rotating rods of the 
S0% Ni 20% Cr alloj at high ^ elocitx m cau-tic «oda bemg concentrated from 75% 
to anhxdrous at temperatures up to 480" C (900" F), the corro'ion rate was 650 mdd 
(0 092 ipj ) 8 

The‘=e allo\< are usefulh resistant to <=o!ulioas of alkahne •mlfur compounds For 
example, m 32S-bour laboratoiy tests with sodium sulfide -olution bemg e\ aporated 

• Internatjonal Nidel Co Inc. ‘The RestsUuKc of Nickel and Its Alloys to Corrosion by Canstie A1 
kahes r«A. Bull T-«. 
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to 50% concentration, the corrosion rate of the 80% Ni-13% Cr-7% Fe alloy was 
23 mdd (0.004 ipy) . 

Resistance to anhydrous ammonia and to all concentrations of ammonium 
hydroxide is virtually complete. Corrosion rates at atmospheric temperature are less 
than 1 mdd (0.0002 ipy). i 

Salt Solutions 

Neutral and Alkaline Salts. Neutral and alkaline salt solutions such as chlorides, 
carbonates, sulfates, nitrates, and acetates are resisted well. Rates of corrosion, even 
in hot solutions, are usually less than 6 mdd (0.001 ipy). Average corrosion rates in 
calcium and sodium chloride refrigerating brines are frequently under 1 mdd 
(0.0002 ipy). Although the Ni-Cr alloys as a group are not entirely free from local 
attack or pitting in these chloride solutions, serious pitting is not common. 

Acid Salts. The resistance of Ni-Cr alloys to solutions of such acid salts as the 
sulfates and chlorides of zinc, aluminum, and ammonia is usually satisfactory at 
atmospheric or moderate temperatures. In strong, hot solutions of these salts, 
however, corrosion is likely to be appreciable because of the formation of the corre- 
sponding acids by hydrolysis of the salts. In the acid chloride solutions, corrosion may 
be accompanied by pitting, although this tendency is considerably less than is the 
case with Cr-Fe or Cr-Ni-Fe alloys. Pits, if they do occur, are likely to be broad and 
; shallow, and often not progressive.** 

The results of corrosion tests of the 80% Ni-13% Cr-7% Fe alloy in a number of 
acid salt solutions are given in Table 9. 

Experience with this alloy indicates that it is not subject to stress corrosion 
cracking in acid chloride solutions. 

' Oxidizing Acid Salts. The Ni-Cr alloys generally have good resistance to solutions 
of oxidizing acid salts except the heai'y metal halides such as ferric chloride, cupric 
chloride, and mercuric chloride, which are severely corrosive in all but very dilute 
solutions. The passivating effect of such salts as ferric and cupric sulfates, persulfates, 
chromates, dichromates, permanganates, nitrates, and nitrites is such that their 
solutions are usually well resisted except at elevated temperatures. The addition of 
even small amounts of these salts to acid solutions (other than acid chlorides) 
decreases the corrosion rate. Table 10 presents the results of corrosion tests in a 
number of solutions containing oxidizing acid salts. 

Oxidizing Alkaline Salts. The Ni-Cr alloj's ai-e attacked by concentrated sodium 
and calcium hypochlorite solutions and are likely to suffer severe pitting, so that they 
are rarely used except in the very dilute solutions containing 100 to 200 ppm of 
available chlorine employed for sterilizing purposes.^** Additions of sodium silicate and 
trisodium phosphate have been found effective in reducing (inhibiting) attack by 
these solutions as indicated by the test results in Table 11. Resistance of these alloys 
is also increased somewhat by a high degree of surface .polish. 

These materials are highly resistant to alkaline peroxide solutions. 


® R. .1. McKay and R. Worthington, Corrosion Resistance of Metals and Alloys, pp. 290, 312, Reinhold 
publishing Corp., New York, 1936. 

H. S. Haller, F. M. Grant, and C. J. Babcock, U. S. Department of Agriculture, Tech. Bull. 756 (1941). 
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Table 9 CORROSION OF 80% Ni-13% Cr-7% Ve ALLOY* BY SOLUTIONS 
OF ACID SALTS 


Corrosive , 

Test Conditions (Concentrations of 

Corrosion Rate 

Max Depth 
of Pitting 



mdd 

ipy 

mm ' 

in. 

Aluminum chloride| 

Immersed in solution of 26% Aids CHiO in water 
in dissolving tank at JiO* C (122* F) for 459 hr 
Agitated. 

9 0 

0 0015 


0 003 

Ammommm 

chloride 

In eiaporator concentrating from 28 to 40% at 
102* C (2J0* F) for 32 days 

3 0 

0 0003 

0 15 

0 000 

Ammonium sulfate 
plus sulfuric acid 

In saturated solution of ammonium sulfate with 
some (NlliltSOt crystals in 5% aulfunc acid in 
crystallizer at 3S* to 47* C (100* to 116* P) for 
33 days 

S 6 

0 0000 

1 1 


Manganese sulfate 

In evaporator concentrating from 1 23 to 1 3o sp 
gr at 1 13* C (233* F) tor 1 1 days 

5 3 

0 0010 

0 OS 

0 003 

chloride 

Half submerged in open evaporating pan concen- 
trating to 37% at KM* C (220* F) for 19 days 

165 0 

0 02S 

\nnr 

Nnnr 

Magnesium 

chloride 

Immersed in boding 42% solution in flask fitted 
with reCut condenser at 141* C (28o* F) for 7ol 
hr 

1 0 8 

0 0001 

None 

None 

Zmo chlonds 

In evaporator concentrating from 30 to 70% at 
boiling ternperature for 30 days 

U5 0 

0 024 

Nose 

Nune 

Zioo ndlate 

Saturated solucmn contataiae trace of sulfuric aetd 
10 evaporating pen at 107* C (225* F) for 35 
days with tngorous etirring 

132 0 

0 022 

None 



* loeoael 


Table 10 CORROSION OF 80% Ni-13% Cr*7% Fe ALLOY* BY SOLUTIONS 
OF OXIDIZING ACID SALTS 


Corrosive 

Teat Conditions (Conceneration of Chemictls 
in %byfM) 

1 Corrosion Rate 

mdd 

ipy 

Ammonium persulfate 

Immersed in 10% solution at 30* C (SO* F> for 45 hr 

5 0 

0 ooos 

Cupric sulfate plus 

Fspored to spray of 10% euUune acid plus 2 % copper sulfaf e 



sulfuric acid 

in brass pickbng marJune at 32* C (90* F) for 17b hr 

D 4C 

0 00007 

Feme chloride 

Immersed in aerated 10% solution at 30° C (SG* D for 4S hr 

7200 0 

1 2 

Feme sulfate plus 

Immersed in3%suUuricacidc>>otaiiiing2% FeiO] 2 3%AIiO), 



sulfuric acid 

and 1 8 % k lOi at room temperature for 90 hr 

I 0 

0 0002 

Potassium persulfate 

Immersed in 4% solution in storage tank at otmoephenc tern- 




perature (or 42 days 

0 2 

0 00003 

Siher nitrate plus 

Immersed in silver nitrate solution plus nitric acid to pH 2 at 



nitr,/, ori/t 

room temperature for 18 5 hr 

2 0 

0 0003 

Bodiurn bichromate 

Immersed in pickling solution of S% sulfuric acid plus 0 9 % 



plus sulfuric acid 

sodium bichromate at 21* to 30* C (70* to 85* F) for 30 




days 

2 3 

0 OOCM 


• Inconel 


EFFECT OF STRESS 


The few ca^es of stress corrosion cracking which ha\e been reported'^ for Ni-Cr 
allojs were apparentlj' isolated cases where stresses were exceptional!} high and do 
not point to any particular susceptibihty to this tjpe of attack 


** O D J Fraser, ■ Stress-Corrosion Cracking of Nickel and Some Nickel Alloys,” Si/mpoMum on 

CoTTOtum Crocking of Melala {I9H), AmerKan Society for Testing Alatensls and American Institute of 
Mining and Metallurgical Engineers, Fbtladelplua and New York, lOto 
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Table 11. EFFECT OF INHIBITORS ON CORROSION OF>80%Ni-13% 
Cr-7% Fe ALLOY* BY SODIUM HYPOCHLORITE SOLUTIONS 


Temperature — 40° C (104° F). 
Duration of tests — 16 hr. 
Beaker tests — no agitation. 


Solution Composition, grams per liter 

Corrosion Rate 

Max. Depth 
of Pitting 

Available 

Chlorine 

Sodium 

Silicate 

Trisodium 

Phosphate 

mdd 

ipy 

ram 

in. 

0.5 



09 

o.oiie 

0.69 


6.5 

0.5 


15 

0.0025 

0.50 


0 5 


0.5 

15 

0.0025 

0.43 

0.017 

0.5 

2.0 


6 

0.0010 

0 20 


6.5 


2.0 

7 

0.0012 

0.30 

0.012 

3.3 

f 


29 

0.0049 

0.81 

0.032 

3.3 

0.5 


7 

0.0012 

0,20 


3.3 

... 

0.5 

0 

0.0010 

0,18 


0.1 



12 

0.0020 

' 0.15 


0.1 

0.5 


4 

0.0007 

0.08 


0,1 


0.5 

4 

0 0007 

None 

None 


• Inconel. 


High stresses, so iong as tiiey are uniform and are not accompanied by phj’sical 
transformation, do not significantly increase the corrosion rate of the 80% Ni-13% 
Cr-7% Fe alloy as indicated by the corrosion test data presented in Fig. 7, p. 677. 


WET AND DRY GASES 

These alloys are completely resistant to all the common gases, when dry, at or 
near atmospheric temperature. In the presence of appreciable moisture, they are not 
resistant to chlorine, bromine, hydrogen chloride, or hydrogen bromide, but are 
resistant to such gases as ammonia, nitric oxides, and hydrogen sulfide. 


ATMOSPHERIC CORROSION 

The Ni'Cr alloys are resistant to all types of atmospheres, including rural, urban, 
industrial, and marine. In indoor atmospheres they will often remain bright 
indefinitely. They are not completely immune to corrosion and tarnishing in sul- 
furous industrial atmospheres but compare favorably with other alloys that are 
considered suitable. In clean country air they will remain bright for many years. 
Free exposure to the atmosphere is more favorable than partially sheltered exposure. 


GENERAL REFERENCES 

LxQoe, P. L., Mech. Eng,, 58, 827-843 (1936). 

McKay, R. J. and R, Worthinoton, Corrosion Resistance of Metals and Alloys, Reinhold PublishinR Corn., 
New York, 1936. 

Thoti, E. E., et al.. The Book of Stainless Steels, American Society for Metals, Cleveland, Ohio, 2nd Ed , 
pp. 401-475, 502-512, 1935. 
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CORROSIO\ I\ LIQUID MEDIA, ATMOSPHERE GASES 


NICKEL MOLYBDENUM AND NICKEL-MOLYBDENUM IRON- 
(CHROMIUM) ALLOYS 
Burmiam E Field* 

Although interest in the Ni Mo allots for resistance to corrosion began in the 
Lnited States and in German 3 about 1920 or pcriiapa a jear or tno earlier, hiJJe 
use has been made of the binary Ni Mo alIo>8 becau e of the difficulty of preparmg 
them free from other metallic elements Figure 1 gnes the corra ion cur\e for binarj 
Ni Mo allojs in 10% h\drochloric acid at 70® C (158® F) with moljbdcnum ^ar>mg 
from 5 to 47% hen the moljbdenum content is above 15% the resistance to attack 
by acid under these conditions is verj good the last few years some alloys 

have been made by powiler metallurgy methods and although they showed excellent 
acid resistance the cost of preparation was too great to make them commercial 
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bases are present. The cost of the Ni-Mo alloys is too great to warrant their use in 
competition with other materials which are sufficiently resistant to water and available 
at much lower cost. 



Fig. 2. Weight Loss of Ni-Mo-Fe Alloys Containing 20% Molybdenum in 10% HCl at 

70° C (158° F). 

Acids 

The commercial alloys were developed primarily as materials to resist corrosion by 
mineral acids. Figure 2 shows the weight loss of Ni-Mo-Fe alloys in 10% hydrochloric 
acid at 70° C (158° F) when the iron content varies from 0 to 40%. Figure 3, in 
which corrosion loss in 10% sulfuric acid is plotted against iron content, shows that 
the rate of corrosion of this alloy between 15 and 25% iron changes only slowly.* 
These curves were prepared during a study of the composition of the Ni-Mo-Fe 
alloys in an attempt to compromise corrosion resistance, cost, and workability. As 
will be seen from the compositions of Table 1, Grade A was designed to contain 20% 
molybdenum and 20% iron and Grade B approximately 30% mob'bdenum and 5% 
iron. 

Grades A and B are particularly resistant to hydrochloric acidan all concentrations, 
the resistance dropping off as the temperature is increased from room temperature 
to the boiling point of the solution. Grade A is suitable for use at temperatures to 
70° C (158° F), but Grade B is more resistant at temperatures between 70° C (158° F) 
and the boiling point of the solution. Both grades are resistant to sidfuria acid in 
concentrations up to 50% and also to the concentrated acid up to 70° C (158° F). The 
chromium present in Grade C confers on this alloy resistance to oxidizing agents 
such as nitric acid, and to acid mixtures such as nitric and sulfuric, and chromic and 
sulfuric, but lowers the resistance to hydrochloric acid, particularly above 50° C 
(120° F). Laboratory tests showing the loss in weight of the various alloys in acids 
under conditions of varying concentration and temperature are shown in Table 2. 
McCurdy2 gives additional information of physical properties and corrosion resistance. 

• The corrosion rates of various Ni-Mo-Fe alloys in boiling 30% sulfuric acid are plotted as a function 
of molybdenum to iron ratio in Fig. 4, p. 29. For rates in other media, see original reference. 

^ F. T. McCurdy, "Nickel-Molybdenum-Iron and Related Alloys — Their Physical and Corrosion- 
Resistant Properties,” Proc. Am. Soc. Testing Materials, 39, 098 (1939). 
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The commercial allojs show gootl resistance to acetic and formic, and to many other 
organic acids as well which are not so common Table 3 gives the results of tests in 
these acids for Grades A and C 



Fia 3. Weight Loss of Ni Mo-Fe Alloys Containing 20% Molybdenum in 10% HjSOi at 
70* C (158‘ F) 


Alkalies x^0 Salts 

Alkalies and neutral or alkaline salt solutions ha\c ^e^> little effect on the allojs 
Grades A and B are resistant to salts of the non>oxidiziDg type, and Grade C shows 
resistance to oxidizing «alts such as feme and cupnc although pitting is likely to 
occur unle«3 the solutions are acid 

Grade C shows excellent resistance to pitting and weight loss in sea water Data 
for Grades A, B, and C are gn en in Table 13, p 409 

Metallurgical aad Mecilamcal Factors 

Additions of small amounts of antimony to the alloys are effectn e in increasing the 
resistance to hydrochloric acid Amounts of 03 to 0S% are sufficient to accompluh 
the desired result, but any appreciable increase bej ond 0 5% is undesirable, particu 
larly in alloys that are to be hot-worked because it tends to cau'e cracking Copper 
has been used as an addition agent to alloys of this type to increase the corrosion 
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Table 2. TOTAL IMMERSION TESTS IN MINERAL ACIDS 

Tests Carried Out in Glassware Using Laboratory Reagents 

Grade A specimens — 3.2 X 2.5 X 0.8 cm, weighing approximately 51 grams. 
Grade B specimens — • 3.2 X 2.5 X 0.7 cm, weighing approximately 45 grams. 
Grade C specimens — 3.4 X 2.5 X 0.9 cm, weighing approximately 60 grams. 

Acid concentrations are percentage by weight. 

Volume — 800 ml. 

Duration of test — 48 hr. 

MDD 


Hydrochloric Acid 


1 

' 1% 

10% 

37% (Cone.) 

Alloy 

Room 

70° C 

Boiling 

Room 

o 

0 

O 

Boiling 

Room 

1 1 

70° C 

1 1 


Boiling 


Temp. 

Point 

Temp, 

Point 

Temp. 


Point 

A 

242 * 

544* 

507 . 

88* 

515* 





2,280 

B 

23 • 

147* 

SS 

40* 

216* 





108 

C 

1.1* 

10* 

035 

104* 

2095* 


112* 



20,090 


Sulfuric Acid 



10% 

00% 

90% 

Alloy 

Room 

1 

70° C 1 

Boiling 

Room 

I 70° C 

Boiling 

Room 

O 

o 

O 

Boiling 


Temp. 

Point 

Temp. 

Point 

Temp. 

Point 

A 

17 


191 

2.4 

— 

23,500 

1.9 • 

45 * 

2200 

B 

12 

■9 

■9 

2.3 

■9 

239 

0.02* 


310 

C 

Nil 

H 

m 

Nil 


22,800 

Nil 

HI 

1940 


Nitric Acid 


Alloy 

10% 

70% 

Room 

Temp. 

O 

O 

O 

Boiling 

Point 

Room 

Temp. 

70° C 

Boiling 

Point 

C 

72 

239* 

269 

29 

747* 

12,320 


A and B not recommended for resistance to nitric acid. 


Phosphoric Act'd, C. P, 


Alloy 

10% 

' 85% 

^ Room 

Temp. 

Boiling 

Point 

Room 

Temp. 

Boiling 
^ Point 

A 

13 

162 

1.8 

5000 

B 

10 

12 

1.2 

16 

c j 

1 

0.50 

9.0 

0.48 

2990 


Aerated tests. 
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resistance but it has not always been found adirantageous For resistance to hjdro- 
chlonc acid at temperatures approaching the boihng point, copper is definitely 
detrimental 

Cold work has relatively little effect on the corrosion resistance even when the 
reductions are fairly heavy Heahng in the range of 500® to 700® C (930® to 1300® F), 

Table 3 TOTAL IMMERSION TESTS IN ORGANIC ACIDS 
Tests Carried Out in Glassware Using Laboratory Reagents 

Grade A speomrns — 32 X2S X 08 cm »e«bjiw approjimsteJy 51 «rama. 

Grade B aperimeDS — 32X25X07 cm •'CieluDg approximately 45 grama 
Grade C specimens — 34 X25X09 cm weighing approximately CO grama 
Acid eoncentrationa are percentage by weighL 
t olume — 800 ml 
Duration of teat — 48 hr 


MOD 

AeeHe Arid 



10 

% 

1 (Glacial) 

Alloy 

Room 

Boiling 

Room 

Boiling 


Temp 

Poiov 

Temp 

Point 

i 

13 

15 

S 2 1 

53 

f 1 

Nil 

Sil 

Nil 

Nil 


Fortnte And 

Alloy 

10‘'o 

70® C 

SS*®# (Cone 1 

ro®c 

A 

c 

ICO • 

4 8* 

2'‘0» 

75* 


* Aerated tests 


on the other hand, does tend to make the allojs susceptible to intergranular corrosion 
Small amounts of columbium have been helpful in stabilumg the allo}s with re«pect 
to carbide precipitation or intergranular corrosion Columbium. however, is not 
nearly so effectn e in these a!lo>s as it is m the 18 8 Cr Ni steels and, in addition 
titanium and tantalum are quite meffectiv e Stabilwmg heat treatments m the v icinity 
of 1000® C (1830® F) for one or two hours are quite effective m preventing corrosion 
of Grade A heated m the 500* to 700® C (930® to 1300® F) range, but are somewhat 
less effective for grades B and C 

Gases 

Alloys A B, and C are resistant to both omdizing and reducing flue gases to carbon 
monoxide carbon dioxide, hydrocarbons hvdrochlonc acid, and to ammonia, wet or 
dry Alloy C is highly resistant to wet chlorine gas and to wet hjdrogen sulfide or 
sulfur dioxide gases up to about 70® C (160® F) Indicated maximum temperatures 
for use of the^e alloys m contact with hydrogen chloride and chlorine are included 
m Table 6, p 682 For data on accelerated stresa corrosion cracking of these alloja 
m MgCls solution, see Table 2 p ISO 
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PLATINUM GROUP METALS AND ALLOYS 
E. M. Wise* 

PLATINUM 

Pure platinum is a noble metal and therefore has low chemical affinity. Its standard 
electrode potential (Pt Pt++ + 2e“) is approximately +1.2 volts at 25° C. Its 
melting temperature is high, 1773° C (3223° F), and mechanical properties are good. 
(The hardness of annealed pure platinum is 37 VHNf.i Platinum can be used, there- 
fore, for a wide range of chemical laborator 3 ' and production scale equipment. 

Where higher mechanical properties are required, other metals of the platinum 
group are added to platinum. Of these, rhodium, irdium, and ruthenium are most 
generall}’ used. 

The corrosion resistance of platinum is such that it can be used in very thin 
frangible disks for protecting pressure vessels from overpressure.^ Platinum emploj'ed 
for laborator}’- ware may be hardened with about 0.6% of iridium or about 3.5% of 
rhodium, whereas platinum used for jewelrj’’ normalb’’ contains either 5% or 10% 
of iridium or 5% of ruthenium. Various amounts of palladium can be alloj'ed with 
platinum, jdelding very ductile materials. These alloys were employed for jewelry 
in Europe, but have not been used much in this countrj", except for electrical contacts. 
Platinum remains bright on exposure to outdoor as well as indoor atmospheres, which 
is important for jewelrjq leaf, and other decorative uses, and for various electrical 
applications. ' 

Electrical contacts subject to oxidizing .atmospheres, including those containing 
ozone, and also sometimes to atmospheres containing sulfur and halogens, are often 
made of pure platinum or platinum alloj’s containing ruthenium or iridium. In this 
application resistance to chemical corrosion and spark erosion is important. 

Platinum can be welded to a wide A'arietj’’ of metals. Clad material is made* for 
chemical plant equipment and allied purposes, general^' to reduce the amount of 
platinum required, and in some instances to secure other special properties, such as 
high electrical conductivity. For instance, it is sometimes desirable to use a silver- 
or copper-core platinum-clad rod for insoluble anodes. 

Platinum can be electrodeposited, although the production of hea'cy plates has not 
been too satisfactory. Generallj^ speaking, it is preferable to applj' the platinum by 
a welded cladding with not less than 5 mils of platinum when substantial corrosion 
resistance is required. 

The corrosion behavior of platinum is important to many industries and has been 

^ Development and Research Dh-ision, The International Nickel Co., Inc., New York, N. Y. 

t is Vickers Hardness Number. ■' 

* R. F. Vines, The Plalinum Melals and Their Allor/s (E. M. Wise, editor), The International Nickel Co., 
New York, 1941. 

2 M. E. Bonyun, Chem. Met Eng., 42, 260-263 (1935). 
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Table 1. THE EFFECT OF VARIOUS 


"tteiebt 

\«L of tesieent, 23 ml, area of tpecimeoa, 12 9 eq cm, eolution 



Temp 

Pt 

Ir 

Os 

98% HiSOi 

R T 

0 0 (S mo ) 

0 0 (21 hr) 



100* C 

0 0 (7 hr) 

0 0 (7 hr) 

0 0 (7 hr) 

70%HNOj, ap gr 142 

R T 

0 (5 mo) 



95% HNOj BP gr 1 5 

R T 

0 0 (5 mo) 




100* C 

0 0 (3 hr) 

0 0 (3 hr) 

Rapid attack 

Aqua regiat 

22® C 

ISOO (1 hr) 

0 0 



100® C 


0 0 (5 hr) 

15000 

36%1IC1. ap gr 1 18 

R T 

0 0 <o m») 




100® C 

4 8 (7 hr) 

0 0 (7 hr) 

98 (7 hr) 

S% HCl intertmltent exposure 

Boding 

0 7 (S hr) 



nOr (fuming) 

R. T 

2 4 (21 hr) 




100® C 

118 (7 hr) 

0 0 

46 (7 hr) 

in.sp gr 175 

R.T 

0 003 (5 roo) 




100® C 

330 <4 far) 

0 0 

22 (4 hr) 

40% HF 

R T 

0 0 

0 0 


Pborphono acid 

100® c 

0 0 (3 hr) 

0 0 (5 hr) 

40 (3 hr) 

100 grams/liter II)PO< 





Perchloric acid, sp gr 1 0 

R T 

0 0 (5 hr) 




100® C 

0 0 (2 br) 



Acetic acid (glacial) 

■isa 

0 002 (5 mo) 




ESQ 

0 0 <4 hr) 

0 0 (4 hr) 


feCli, 100 gnma/liter 

R. T 

0 003 <3 mo) 




100® C 

408 (4 hr) 

0 0 

n.o (6 hr) 

KCN, 60 grams/liter 

R T 

0 02 (5 mo) 




100® C 

31 <3 hr) 



llgClj solution 

100® C 

0 0 (2 hr) 

0 0 (2 hr) 

6760 (2 hr) 

NsClO+NaCl (100 grama/liler 

R.T 

0 002 (5 roo) 



NaOH, saturated with Cli) 

100® C 

0 0 a hr) 

2 4 (7 hr) 


CuClj 100 grams/liter 

R. T 

0 0 (3 roo) 



CuS04. 100 grams/liler 

100® C 

0 0 (5 hr) 

0 0 (5 hr) 


AljfSOilj 100 grams/liter 

R T 

0 0 (5 mo) 




100® C 

0 0 (6 hr) 

0 0 (Ohr) 


Clj dryS 

R. T 

4 7 (21 hr) 

0 0 (23 hr) 

1 0 (23 hr) 

Cls moistj 

R. T 

0 5 (24 hr) 

0 7 (24 hr) 


Saturated CIj water 

R.T 

0 0 (3 mo) 

0 0 (18 hr) 



100” C 

0 0 (2 hr) 



Br, dry (liquid)} 

R.T 

80 (21 br) 

0 0 

106 (21 hr) 

Br, moist} 

R. T 

48 (22 hr) 

0 0 (22 hr) 

2 3 (22 hr) 

Saturated Br water} 

ILT 

0 0 (5 mo) 

0 0 (23 hr) 


I. dry} 

R T 

Trace (23 hr) 

0 0 (23 br) 

2 3 (23 hr) 

I, moist} 

R T 

0 0 (22 hr) 

0 0 (22 hr) 

0 0 (23 hr) 

1 in alcohol 50 grams'liter} 

R, T 

0 0 (3 mo) 

0 0 (24 hr) 


HjS moist 

R T 

0 0 (43 days) 

0 0 (43 da}s) 

Stained (43 da}s) 


•R. Atkinson. A Rapcr, andA Middleton, linpuW*sh«l »««arch. Mond Nickel Co , Acton, London 
England. 

tOliVHVO,— 00 (3 mo) I VHNOj — 72 (5iw») 2WHNO»~310 (Sroo). 
t Three volumes 36% HCL plus one volonie 70% J1N0» 
i Reaction film rctno^ed before weighing 
R. T = Room temperature 
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CORROSIVES ON PLATINUM METALS* 
Loss, MDD 


not aerated and not stirred; duration of test in parentheses. 


Pd 

Rh 

V Ru 

Alloys 


7.2 (7 hr) 

0 0 (7 hr) 

' 

840. Of 

Rapid attack 

0.0 (5 hr) 

0 0 (5 hr) 


Rapid 1 

0.0 (5 hr) 

0 0 (.'> hr) 

goop r5%Ru-Pt 5%Rh-Pt 5%Ir-Pt 

L 700 (1 hr) 1130.0 (1 hr) 500 (1 hr) 

/ 0.5 (5 mo) 
\17.0 (6 hr) 

6.0 (5 hr) 
2210 (24 hr) 

900 (4 hr) 

0.0 

0.0 (7 hr) 

31 (7 hr) 

0.0 

0.0 

0.0 (7 hr) 

0.0 

0 0 

0.0 

10%Rh-Pt 20%Au-Pd 20%Pd-Au 30%Pt-Au 
nil (5 hr) 1.9(5 hr) 2.2 (5 hr) 2.2 (5 hr) 

2.4 (5 hr) 

0.0 (5 mo) 
33.6 (2 hr) 

0.0 (5 hr) 

0.0 (5 hr) 


0.005 (5 mo) 
0.0 (4 ht) 

0.0 (4 hr) 

0.0 (4 hr) 


163 (28 days) 

Rapid attack 

22 (24 hr) 

860 (2 hr) 

0.0 (2 hr) 

24 (19 days) 
204 (7 hr) 

4.8 (5 mo ) 

. 0,0 (5 hr) 

0.0 (5 mo) ‘ 
0.0 (6 hr) 

0.0 

0.0 (2 hr) 

4.8 (24 hr) 

4.8 (7 hr) 

0.0 (5 hr) 

0.0 (6 hr) 

0.0 

84 (2 hr) 

624 

0.0 (5 hr) 

0.0 (6 hr) 

10%Pt-Pd 30%Pt-Pd 10%Au-Pd 20%Au-Pd 
118 24 8.1 0.8 

(28 days) (28 days) (28 days) ^ (28 days) 

5%Ir-Pt 5%Ru-Pt 5%Rh-Pt 

19 (4 hr) 5.5 (4 hr) 4.8 (4 hr) 

5%Ir-Pt 5%Ru-Pt 5%Rh-Pt 

50 (5 hr) 26 (5 hr) 77 (5 lir) 

15.3 (23 hr) 
192 (24 hr) 

0. 14 (5 mo) 
336 (2 hr) 

342 (21 'hr) 

380 (22 hr) 

. 10 (23 hr) 

0.6 (23 hr) 
7.6 (22 hr) 
4.8 (24 hr) 

0.0 (23 hr) 

0.0 (24 hr) 

0.0 (18 hr) 

0.0 (21 hr) - 
0.0 (22 hr) 

0.0 (23 hr) 

0.0 (23 hr) 

0.7 (22 hr) 

0.7 (24 hr) 

0.0 (23 hr) 

0.0 (24 hr) 

19 (18 hr) 

0.0 (21 hr) 

0.0 (22 hr) 

2.4 (23 hr) 

0.0 (23 hr) 

0.0 (22 hr) 

3.8 (24 hr) 

- 

0.0 (45 days) 

0.0 (45 days) 

0.0 (45 days) 

' 


I 
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studied bj mduidual u«ers in connection vith their own problems but rclatucly few 
recent broadly applicable data are found in the literature Furthermore, some pub- 
lished data are ba^cd on experiments with platinum black generally containing 
OX} gen which is known to be much more reacts e than normal wrought material In 
the laborator} platinum is frcquentlj employed under \cr} drastic conditions where 
nothing ehe will function and sometimes under conditions where the corrosion rates 
are appreciable but ne\erthc!e&> acceptable In plant equipment with large areas of 
material the permissible corrosion rates arc very low, and laboratory data are not 
entirely adequate for predicting what these rates •will be It frequently happens that 
rates decrease with time so that short-time tests may produce values for the 
maximum or initial corrosion rales which are xn e\ce«s of the long-time xaluea 

Gexeral Corrosion BEHA^^oR 

Platinum is resistant to reducing or oxidizing acids but t attacked b} a mixture of 
nitric and h}drochlor!c acids (aqua regia) and «omewhat more slowl} by HCI plus 
other oxidizing agents AlIo}ing with indium or ruthenium reduces the rate of attack 
bv aqua regia often to a point where it is difficult to di-j^oKe the»e aHo}s for 
anal}si3 The u«e of aqua regia at high temperature to effect solution of mdium* and 
other metali of thia group is discus cd in Noble Metals and Their Alloys p 713 

For the corrosion information prc«ontcd in Table 1 massive material was u«ed for 
all the platinum metals except osmium For the latter, material sintered at a high 
temperature was cmpIo}ed from ncccjvity and it is possible that this contributed 
«lightl} to Its relatix elj poor bchav lor Sample^ ha\ ing an area of 12 9 sq cm (2 gq in ) 
were emplo}ed with few exceptions and were placed in 25 ml of solution m a stop 
pcTcd bottle and were not stirred It is recognized that the ab«ence of aeration maj 
reduce the attack on long expo ure to non oxidizing media and that where very high 
corrosion rates are invoiv od the limited volume of the olution reduces the rale How 
ev er the platinum metaU would not be u«cful under conditions where substantial cor- 
roaion la found so that this effect !■> unimportant 

Table 2 summarizes information on the probable utilit} of platinum for use m 
contact with a number of corrosive agents In addition to the media h ted phtmura 
13 unattached bv «otutions of alkalies nitrate* chlorides and many organic acids 
Generali} «peakmg this is unimportant as in mo t causes common metals arc adequate 
for the e compounds unless exceptional punt} is required or some special require- 
TTiCTil ’is 'iTf » xfiv x-i iia. x^ivclTtfo'^as 

As will be noted from these tables h}drofluoric and h}drochlonc acids do not 
attack platinum at room temperature but h}drobromic acid containing a little 
bromine attacks it slightl} at room temperature and hvdrochloric, h}drobromic, and 
h}dnodic acids attack the metal more or less vigorous!} at 100® C (212° F) Although 
commercial chlorine and bromine attack platinum at moderate temperatures ver} 
dry chlorine can be handled at moderate temperatures Iodine docs not attack it 
appreciabl} at room temperature All the free halogens react with platinum over 
certain ranges of elevated temperature (di cu>sed on p 710), but HCI gas does not 
The addition of indium or ruthenium to platinum further increases resistance to 
halogens 

Platinum is attacked b} seleaic acid at 100“ C (212* F), and by sulfuric acid at 
considerabl} higher temperatures In both ca«es oxidation appears to be involved 

•E Wichers W Schlecht and C Gordon J RttatrekAaU Bur Slandariis 33 363-3S1 (1944) eee also 
83 457-^70 (1944) 
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Table 2. CORROSION RESISTANCE OF PLATINUM 



Temperature 

Rating 

HjSO^, cone. 

R. T, 

A 


100° C 

A 

HzSeOi, sp. er- lA 

R. T, 

A 


100=0 

C 

HjPOi 

100=0 

A 

HClOi 

R. T. 

A 


100=0 

A 

HNO 2 , 70% 

R.T, 

A 

HNOj, 05% 

R. T, 

A 


100=0 

A 

Aqua regia 

R T. 

D 


Boiling 

D 

HF, 40% 

r. 

A 

HCI,30% 

R. T, 

A 


100° 0 

B 

HBr, sp. gr. 1.7 

R. T, 

B 


100= C 

D 

HI, sp. gr, 1.75 

R. T. 

A 


100° 0 

D 

Acetic acid (glacial) 

100=0 

A 

Pj 

R. T, 

B 

Cb, dry 

R. T. 

B 

Clj, moist 

R. T. 

B 

Br (liq,), dry 

R. T. 

C 

Br (liq,), moist 

Pw T. 

C 

Br water 

R.T. 

A 

I, dry 

R. T, 

A 

I, moist 

P^ T. 

A 

I, in alcohol 

R. T, 

A 

HjS, moist 

R. T. 

A 

NaClO solution 

R.T. 

A 


100=0 

A 

KCN solution 

R.T, 

A 


100’ O 

C 

HgCb solution 

100=0 

A 

CuCb solution 

100=0 

A 

CuSOi solution 

100° O 

A 

MziSOAz solution 

100’ 0 

A 


A — No appreciable corrosion. 

B — Some attack, but not enough to preclude uee. 

C — Attacked enough to preclude use. 

D — Rapid attack. 

R. T. — Room temperature. 

Ferric chloride in solution doe.s not corrode platinum appreciably at room temperature 
but attacks it at somewhat higher temperature.s. 

Behavior as an Anode 

Platinum is resistant as an anode in chloride and sulfate solutions and is pa.' 3 ive 
at usual current densities. At very low current densities in acid-chloride solutions, 
platinum anodes can be active^ and in the presence of alternating current at 5-20 

* G. Grube, F. Oettel, and H. Reinhardt, Feetechrifl zum M-jahrigen Beetehen der Plalimchmelze, pp. 
108-120, G. Siebert G.m.b.H. Hanau, 1931. 
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ampAq tlm are dissoh ed at an appreciable rate in acid-chlonde solutions and m 
50 to 60% sulfuric acid Use is made of this phenomenon in metaJlographic etchings 
The nature of the passu itj has reeeu ed considerable study ® 

Platinum is useful as an insoluble anode under a %anety of conditions, incliidint^ 
laboratory deuces for electroanaljsis, as well as very large industrial equipment In 
some ca cs bright platinum is used to secure maximum ovcr\oltage, m others sur 
facing with platinum black may be u eful when a low overvoltage is sought 
Of the major electrochemical applications of platinum its use as anode m producing 
persulfates and persulfurie acid most of which are converted to hjdrogen peroxide 
IS verj important Also the production of perchlorates utilizing platinum anodes for 
the final axidafion of chlorate to perchlorate is now a large mdu frj The use of 
platinum in thc«c and other proce*;.cs has the added advantage of avoiding traces of 
carbon compounds which ma 3 be damaging to tlic product or hazardous in manu 
facture from an exploMon standpoint 

Platinum clad anodes hav e been used for producing chlorine, although graphite or 
rubon is gencnlJy u cd Jlowever cousideratjou should be gnen to phtiniim in 
cells so designed to utilize the metal effectively 
The 11*0 of platinum clad anodes for nickel as well as other plating baths is prac- 
tical and large installations are in successful operation Recent data on the corrosion 
behavior of platinum an<l certain platinum alloys m typical nickel plating baths are 
presented in Table 3 1 


Tvble 3 BniAMOR OF PLATINUM ANODES IN NICKEL PLATING BATHS 



•ITotf* iJaH tSat/ole Bath 
snuns per liler grams per liter 
NiS04 7HjO 300 3o9 

NiClj 6HjO 4s 

IIjDOj 30 30 

pH 2 0 approx 2 0 approx 

Temperature C0“ C (HO* P> 60® C (140® FJ 

PALLADIUM 

Palladium and platinum are the onlj two readib workable metals of the platinum 
group and have about the same mechanical properties The standard electrode poten- 
tial of palladium (Pd ^ Pd*'*^ + 2e ) has been indicated as + 6-83 v olt at 25* C 

For electrical contact** the commercially pure metal or the 5% and 10%Ru-Pd 
alloys are u‘*ed, whereas m jewelry the 4% and 5’4% ruthenium alloys are generally 
suitable and are extremely resistant to tarnishing 

‘ E Raub and G Buss Z Elektrochem 46 19»-202 (1940) 

‘B ErshUr Acta Phyneochem (U R S S ) 19 (No 2 3) 139-147 (1944) 

’ G P Glad s unpub! shed report Research laboratory International Nichel Co New York N Y 
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Palladium is somewhat more reactive than platinum; therefore, the palladium-rich 
alloys, although having some extremely useful applications, are not generally 
employed in chemical plant equipment. Various gold-base alloys containing palladium 
have been used for corrosion-resisting applications, and the ternary Au-Pt-Pd alloy 
is useful for spinnerets. Palladium is added to many of the gold-base dental alloys, 
not only to improve their tarnish resistance but also to increase their melting tem- 
perature and hardenability.® Alloys containing substantial amounts of palladium 
(15%) are essentially white in color. 

Pd-Ag alloys containing 50% or more of palladium have a high resistance to tarnish 
by indoor atmospheres, and are suitable for electrical contacts and jewelry. Recent 
quantitative data on the resistance of Pd-Ag alloys to indoor atmospheric attack and 
to air saturated with sulfur have been obtained and are shown in Pig. !.*• Nitric acid 
will attack these alloys, but the ternary alloy containing 40 to 50% palladium, 10% 
platinum, and remainder silver^o is not attacked by a drop of nitric acid, which is one 
of the tests frequently imposed by jewelers. 

The Pd-Cu alloys resemble in many ways the Au-Cu alloys and undergo an order- 
ing reaction corresponding to the composition PdCu and also PdCus. The Pd-Cu 
phase is involved in the age hardening of the high-strength dental alloys.^ The fact 
that the ordering reaction at PdCu results in a sharp increase in electrical conduc- 
tivity has led to application of the ordered alloy for electrical contacts. 

As a hydrogenation and dehydrogenation catalyst, palladium is' extremely effective, 
and is sometimes preferred to platinum because of its lower cost, or to nickel because 
of its higher resistance to corrosion, greater catalytic activity, and ease of recovery 
and reprocessing. Catalysts ha\"e specific characteristics which render each one out- 
standing for an industrial reaction, a fact which is being increasingly recognized, 
particularly in the vitamin field where the platinum metals are being extensively used. 
Recent industrial use has been made of palladium catalysts, acting at room temper- 
ature, to effect removal of traces of residual oxygen in hydrogen. The catalyst causes 
reaction of oxygen to form water which is subsequently removed by a drier. 

Palladium shows less tendency to remain passive than platinum.i^.is jn reaction 
with oxidizing media, such as hot concentrated sulfuric acid and concentrated nitric 
acid, it is somewhat akin to silver, to which it is related in the Periodic Table. The 
addition of 10 or 20% of gold to palladium approximately doubles the rate of attack 
by concentrated sulfuric acid' plus chromic acid at 100° C (210° but alloys con- 
taining 30% or more of gold have the same corrosion rate as'gold. Platinum, rhodium, 
or iridium additions also are effective, particularly in resisting nitric acid.' The 10% 
platinum alloy withstands the nitric acid spot test. 

The rate of attack by nitric acid falls sharply with the concentration of the acid. 
Nitric acid 1 N in concentration showed a corrosion rate of approximately 7 mdd, 
whereas 0.1 N acid showed no measurable attack.i^ Hydrochloric acid is not active 
toward palladium, and probably would not attack it at all if free from dissolved 
oxygen. 

®W. S. Crowell, E. M. Wise, and J. T. Eash, Trans. Am. Inst. Mining Met. Bngrs,, 99, 383 (1932). 
E. M. Wise and J. T. Eaah, Trans. Am. Inst. Mining Mel. Engrs., 104, 276 (1933). 

® W. E. Campbell, unpublished data. Bell Telephone Laboratories, Murray Hill, N. J. 

E. M. Wise, U. S. Patent 2,129,721 (1938). 

R. F. Vines and E. M. Wise, Age-Hardening Precious Metal Alloys, pp. 190-228 Symposium on Age- 
Hardening of Metals, American Society for Metals, 1940. 

F. Mailer, Z. Elektrochem., 34, 744-752 (1928). , 

12 F. Muller and A. Riefkohl, Z. Elektrochem., 36, 181-183 (1930). 

11 R. Atkinson, A. Raper, and A. Middleton, unpublished research, Mond Nickel Co., Acton, London 
England. 
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Palladium anodes may become passive under some conditions, as in 0.01 N HCl, 
but are active in I N and 5 N Palladium is also passive as anode in chloride- 

free NaNOa, Na 2 S 04 , and HNO 3 solutions.i^ 

The corrosion behavior of palladium in a number of corrosive media is presented in 
Table 1 and is also summarized in Table 4. 

Table 4. CORROSION RESISTANCE OF PALLADIUM 



Temperature 

Rating 

H 2 SO 4 , cone. 

R. T. 

A 


100“ G 

C 

H 2 Se 04 , sp. gr. 1.4 

R. T. 

C 


100° C 

D 

H 3 PO 4 

100° C 

B 

HCIO 4 

R. T. 

A 


100° C 

C 

HNO 3 , 70% 

R. T. 

D 

2N 

R. T. 

C 

IN 

R. T. 

B 

0 1 N 

R. T. 

A 

HNO 3 , 95% 

R. T. 

D 


100° C 

D 

Aqua regia 

R. T. 

D 


Boiling 

D 

HF, 40% 

R. T. 

A 

HCl. 36% 

R. T. 

A 


100° C 

B 

HBr, ep. gr. 1.7 

R. T. 

D 


100° C 

D 

HI, ap. gr. 1.75 

R. T. 

D 

Acetic acid (glacial) 

100° C 

A 

CI 2 . dry 

R. T. 

C 

CI 2 . moist 

R. T. 

D 

Br (liq. ),'dry 

R. T. 

D 

Br (liq.), moist 

R. T. 

D 

Br water 

R. T. 

B 

I, dry 

R. T. 

A 

I, moist 

R. T. 

B 

I, in alcohol 

R. T. 

B 

H 2 S, moist 

R. T. 

A 

NaClO solution 

R. T. 

c 


100° C 

D 

KCN solution 

R. T. 

C 


100'* C 

D 

FeCls, 10% solution 

R. T. 

0 


100° C 

D 

HgCls solution 

100° C 

A 

CuCl 2 solution 

100° C 

B 

CuS 04 solution 

100° C 

A 

Al 2 (S 04)3 solution 

100° C 

A 


A — No appreciable corrosion. 

B — Some attack, but not enough to preclude use. 
C — Attacked enough to preclude use. 

D — Rapid attack. 

R. T. — Room temperature. 

F. Muller. Z. EleUracham., 34, 744-752 (19281. 
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Atmospheric Exposures 

Palladium remains untarnished at ordmao temperatures on indoor exposure, and 
It IS, therefore often u ed where this la important, as m electrical contacts, decoratue 
leaf and particularlj m jewelry alloys 

Under outdoor exposures to mdu trial atmospheres the catalytic effect of palladium 
in oxidizing SO2 to feOs maj be imohed m the formation of a basic sulfate on the 
surface of the metal wluch causes it to discolor slowly m contrast to its excellent 
behavior indoors and in jcwclr3 

Resistance to Tarnish in Household Atmospheres A number of palladium allojs 
repre'-entmg commercial matenab cmplojcd in dentistry, electrical contacts or 
jewelrj plus 'cveral experimental palladium alloys and a few companson metal? 
have been subjected to lengthy exposure tests to determine their resistance to tarnish 
by per piration and prolonged exposure to hou ehold atma phcrct« *** The sample>, in 
‘^hect form were fini'-lied w ith fine emery paper and scrubbed with pumice They were 
repeatedly handled with perspiring liand^ and then exposed m the kitchen of a home 
heated with coke The eamplcs were xuujlly examined at the end of 66 days, at which 
time ■'amplcs in group 3 «liowed lami h but the remainder ■•howed little change All 
samples were then wa«hed with 'oap and water Ths removed the slight film of dust 
and grea'S but did not remove any tarni»h The samples were then exposed for one 
year in the dmiog room of the «amc hou«e At the end of this exposure one half of 
each specimen wa^ cleaned with dry alumina to permit the visual detection of even 
slight tami h The samples were arranged in three groups, os shown in Table 5 The 
order of «amples within each group is not significant 

Table 5 T\RMSH nATINO OF ALLO\S AFTER 0\E YEAR OP 
EXPOSURE TO HOUSEHOLD ATMOSPHERES* 

AUou Co»npo»iIiCTi % 

100 Pt 
100 Pd 

9SP(1 SRb 2Ru 
9»Pd 3Ni 2Ru 
9jPd oir 
90 Pd 10 Pt 
90 Pd 10 Au 
70 Pd 30 Ae 
70 Pd aPt 2 oAe 

50 Pd oO As 
50Pd-40Ag 10 Cu 
4a Pd oPt 50 Ag 
40 rd 10 Pt SOAg 

4OPd-C0Ag 
27Pd-5Au-8Cu 22n 
34 Pd 16 Cu 50 Ag 

Nickel 

Silver 

* R. F X me* unpubi shed report Reeearcb Labomtoiy International Nickel Co Bayonne N J 

It is evident that slightly more than 50% of palladium is required for «ub.?tanti3ll> 
complete resiatance to tami'h This L> ehgbtly above 50 atomic per cent palladium, a 
value m agreement with the findings of H E Campbell^^ (Fig 1) About 70 

**R F Vinea unpubbsbed report Re'earch Laboratory International Nickel Co Bajonne N J 
VV E Campbell unpublished data Bell Tdepbone Laboratories Murray H II N J 


Oroup I 

Not sens bly taroisbed 


Group II 

&1 ghtly tarnished 

(Acceptable for jewelry) 

Group III 

Obviously (amisbed 
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of gold is required for resistance similar to that of 50 to 55% palladium. This corre- 
sponds to about the same atomic percentage of tarnish-resistant metal in each case. 
However, if part of the gold in a complex Aii-Ag-Cu alloy, such as is used in dentistry, 
is replaced with palladium (the atomic percentage of gold plus palladium being held 
constant), the tarnish resistance is substantially increased. This result is utilized in 
various commercial dental alloys. 


, IRIDIUM 

Although very pure iridium is forgeable at very high temperatures, it cannot be 
considered suitable for general fabrication. Barring a few pure iridium crucible^ made 
for very special high-temperature studies, this metal is utilized almost exclusively as 
an alloying element with platinum. Its standard electrode potential Ir Ir'*”*”*' -l-3e“ 
is about 1.0 volt at 25° C (77° F). 

Table 6. CORROSION RESISTANCE OF IRIDIUM 



Temperature 

Rating 


K..T. 

A. 


100° C 

A 

H3PO4 

100° C 

A 

HNO3. 95 % 

R. T. 

A 


100° C 

A 

Aqua regia 

R. T. 

A 


Boiling 

A 

HF, 40 % 

R. T. 

A 

HCl, 36 % 

R. T, 

A 


100° C 

A 

HBr, 8p, gr. 1,7 

R. T. 

A 


100° C 

A 

HI, Bp. gr. 1.75 

R. T. 

A 


100° C 

A 

Acetic acid (glacial) 

100° C 

A 

CI2, dry 

R. T. 

A 

CI2, moist 

R. T. 

A 

Br (liq,), dry 

R. T. 

A 

Br (liq.), moist 

R. T. 

A 

Br water 

R. T. 

A 

I, dry 

R. T. 

A 

I, moist 

R. T. 

A 

I, in alcohol 

R. T. 

A 

H2S, moist 

R. T. 

A 

NaClO solution 

100° 0 

B 

FeCIs solution 

R. T. 

A 


100° C 

A 

HgCl2 solution 

100° C ' 

A 

CuS04 solution 

100° c ■ 

A 

AI2 (804)3 solution 

100° C 

A 


— No appreciable corrosion. 

B — Some attack, but not enough to preclude use. 
^ — Attacked enough to preclude use. 

B — Good solvent for Ir. 

R* T. — Room temperature. 
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Indium IS moderated hard — about 170 Vickers for annealed pure material and 

nhen allojed with platinum it hardens and raises the annealing temperature and 
melting point It al o reduces the rate of attack by aqua regia and other sol itions 
containing active chlorine hence Ir Pt alloy is particularly suitable for halogen 
evolving anodes Tic jewelry industry normally uses large quantities of platinum 
hardened with indium or ruthenium Tlicse alloys al«o arc largely u cd for platinum 
ba&e electricil contacts Platinum illoys contain ng fc«s than 1% of indium are u»cd 
for crucibles and sometimes for glass fiber equipment but oxidation and volatilization 
of indium on heating limit the practical indium content 

Ob ervations on the corrosion behavior of indium are summarized in Tables 1 and 
6 Of tl o lorrckivc media studicl only the ^aCIO solution showed measureable 
attack 

Although indium is resistant to aqua regia at 100® C (212° D it can be dissolved 
at a useful rate by heating to 2o0* to 300' C (480® to 570® F) with a species of aqua 
regia under pressure 

Indium 13 not amalgamated by mercury nor is it soluble in molten lead 
RHODIUM 

Rhodium can be pro htecd in a rcavonably ductile form by methods somewhat 
anatogoiLj to tho«o u e 1 for proee^ mg tung ten an 1 molybdenum but it finds very 
limited u«c in fabricated form The hardness of the pure annealed metal is about 
122 Vickers The standard electrode potential of rhodium (Rh ^ Rh'*"*’ + 2e ) « 
about 06 volt at 2o* C (77* D Rhodium tan be clectrodcpo«ited as a bright Iu«trous 
plate and such eloctrodedepo its arc commercially used for surfacing v cry large (60 in 
diameter) metallic mirrors and for fini«hiDg jewelry and other decorative items 
as it does not tirni h m the atmo«phcrc The clectrodepo«ited metal is hard (about 
600 Vickers) pos.c« es goo I electrical conductivity and has found numerous uses 
for corrosion resistant contacts which in «cnicc are subject to some sliding as it 
resists galling Rhodium «heet can be «Iowly «ublimcd bv heating in \ acuo to within 
3 few degrees of its melting point to produce front-surfacing glass mirrors 

The major use is as an alloying element with platinum principally as an ammonia 
oxidation catahst Smaller amounts of the Rh Pt alloys are u ed for thermocouples 
resistance furnaces crucibles and gl3«s working equipment These high temperature 
a es are considered m ^ able MclaU at I Ti cir Alloys p 699 The 10% Rh Pt alloy 
1 al'o used for low lemperat irc corrosion resuting applications such as in'^oluble 
anodes altho igh pure pi itmum or 10% Ir Pt alloy i» more frequently used The 10% 
Rh Pt alloy has been found to be rao«t 6ati«factory for rayon spinnerets particularly 
tho'e employed in producing the finer fibere”! The merit of this alloy over the older 
30% Pt 70% All alloy appears to be due to ita re^^istance to plugging coupled with 
resistance to cleaning «olutions such as boiling dilute hydrochloric acid and hot 
suIfuric-chromic acid mixtures 

Rhodium is re':istant m iL«eIf to a wide range of corrosiv e media and is extremely 
effective m producing corro«ion re<n«tant allovs For example the 37% Rh remainder 
Ni alloy po«'e'«cs better reai«tance to eorro-ion than 14 kt yellow gold Rhodium 
also increases the corrosion resistance of platinum in media such as a boiling 10% 
feme chloride solution which corrodes platinum at the rate of 400 mdd whereas 5% 
Rh Pt alloy corrodes at a rate of only 6 mdd 

E W chers XV ScUecht and C Gorfon J Retearck Aall Bur Standards S3 3C3-38I (1944) K* 
also 33 457-470 (1944) 

“R \ WillamBandE R McKw V S Patent 2 13o 011 (1938) 
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Reference to Tables I22 and 7 shows that onb^ fuming hydrobromic acid attacks 
rhodium at a substantial rate. NaClO solution attacks the metal slightly, the rate being 
about 5 mdd at room temperature and 100°. C (212° F), whereas concentrated H2SO4 a1 
100° C (212° F) causes a loss of 7 mdd. 

Table 7. CORROSION RESISTANCE OF RHODIUM 



Temperaiure 

Rating 

H 2 SO 4 , cone. 

R. T. 

A 


100° C 

B 

H 3 PO 4 

100° C 

A 

HNO 3 , 70% 

R. T. 

A 

HNO 3 , 95% 

R. T. 

A 


100° C 

A 

Aqua regia 

R. T. 

A 


Boiling 

A 

HF, 40% 

R. T. 

A 

HCl, 36% 

R.T. 

A 


100° C 

A 

HBr, sp. pr. 1.7 

R. T. 

B 

100° C 

C 

HI, sp. gr. 1.7S 

R. T. 

A 


100° C 

A 

Acetic acid (glacial) 

100° C 

A 

CI 2 , dry 

R. T. 

A 

CI 2 , moist 

R. T. 

A 

Br (liq.), dry 

R. T. 

A 

Br (liq.), moist 

R.|T. 

A 

Br water 

R. T. 

A 

1 , dry 

R.T. 

A 

I, moist 

R. T. 

B 

I, in alcohol 

R. T. 

B 

H 2 S, moist 

R. T. 

A 

NaCIO solution 

R. T. 

B 


100° C 

B 

FeCIs solution 

R. T. 

A 

' 

100°,C 

A 

HgCIs solution 

100° C 

A 

CuS 04 solution 

100 ° C 

A 

Ah ( 804)3 solution 

100° C 

A 


A — No appreciable corrosion. 

B — Some attack, but not enough to preclude use. 

C — Attacked enough to preclude use. 

D — Rapid attack. 

R. T. — ■ Ro 6 m temperature. ^ 

OSMIUM 

Osmium is the hardest (approx. 400 Vickers) and the highest melting of the 
platinum metals, and has the highest modulus of elasticity of all the elements, but 
is only moderately resistant to corrosion, as is noted from data of Tables 1 and 8. 

^ R. Atkinson, A. Raper, and A. Middleton, unpublished research, Mond Nickel Co„ Aoton, London, 
England. 
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Table S CORROSION RESISTANCE OF OSMIUM 


Temperaiure liahng 

HjSO, eone R. T A 

100* C A 

IljPOi 100* C D 

HNQs 70*i ILT C 

UNO, R.T D 

100* C D 

Aqua repa R. T D 

Boil oe D 

JJF 40% ILT A 

nCl 30% ILT A 

IOO*C C 

lIBr tp gr 1 7 IL T A 

100* C C 

in *p er 1 7d It T B 

100* C C 

Cl- Ory R- T A 

CIi rooist IL T C 

Br <Iiq ) dry R. T D 

Hr (liq ) tnout R. T B 

1 dry R T B 

I nioiit IL T A 

RjS moiit IL T A 

NaClO •oluctoo R. T D 

100* C £> 

FeCl) Solution 100* C D 


A — No sppr«iabl« eorrorion. 

B — Some attack but not enough to preelude uee 
C — Attacked enough to preclude use. 

D — Papid attacL 
R T — Room temperature. 


It La rcadih oMtlized and form.a q telro^idc hoiling at 130® C (265® F) tfhich i^ ten 
toxic O rnium appears to be eompletel> non-ductile, and although it can be used 
for hardening wrought platinum other hardener* are preferred 
The principal u. e of 0 :>mium fc> m the production of ter 3 hard alloj's iLed for 
nonru tmg pnots for in>truments, phonograph needles tipping the nibs of fountain 
pen and for certain tjpe- of electrical contacts 
For pen tipping and pnot>, aIlOT> containing not le»3 than 609t o mium, or o mium 
phi nithennim are con-'idered desirable for the be«t grade mafenal The other 
platinum group metals constitute the principal remainder m this tj pe of aHo> 

O mium Is the rare-t of the platinum group metaU, and, although its <=pecial u es 
are important thej are on a rather small scale and are approximatelj equal to the 
amount of metal available 


RUTHENIUM 

Ruthenium his characten. tics eomewhaf infermednte between thae of o«Tnium 
and mdium, and is perhaps ev en more difficult to forge than mdium Annealed pure 
metal has a hardne-s of 360 Vicker* A'lde from some specialized uses as a catalj -t, 
the metal is emploved entirelj as a hardening allojing element, pnncipallj as an 
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addition to palladium and platinum for electrical contacts and jewelry, where it 
behaves in a manner similar to iridium, but with a hardening effect about twice as 
great per unit weight. It also finds some use analogous to osmium in \'ery hard contact 
and pen-tipping alloys. 

As will be seen from Tables 1 and 9, ruthenium is outstanding in its resistance to 
corrosion and is even resistant to hot aqua regia. Bromine and iodine in solution 
attack ruthenium slightly, boiling HgClo solution is a little moie aggresive, while a 
solution of NaClO attaclcs it vigorously. 


Table 9. CORROSION RESISTANCE OF RUTHENIUM 



Tanperature 

Raiina 

H 2 SO 4 , cono. 

R. T. 

A 


100“ C 

A 

H 3 PO 4 

100“ C 

A 

HNO 5 , 70% 

(r. T. 

A 

HNO 3 , 05% 

R. T. 

A 


100“ C 

A 

Aqua regia 

R. T. 

A 


Boiling 

A 

vHF, 40% 

R. T. 

A 

HCl. 3G% 

R. T. 

A 


100“ C 

.■1 

HBr, sp, gr. 1.7 

R. T. 

A 


100“ C 

A 

HI, sp. gr, 1,75 

R, T. 

A 


100“ C 

A 

Acetic acid (glacial) 

100“ C . 

A 

CI 2 , dry 

R.T. 

A 

CI 2 , moist 

R. T. 

A 

Br (liq.), dry 

R. T. 

A 

Br (liq.), moist 

R. T. 

A 

Br water 

R. T. 

li 

I, dry 

R. T. 

A 

I, moist 

R. T. 

A 

I, in alcohol 

R. T. 

B 

HoS, moist 

R. T. 

A 

NaClO solution 

R. T. 

D 


100“ C 

D 

FeCh solution 

R. T. 

A 


100“ C 

A 

HgCJj solution 

100“ C 

C 

CUSO 4 solution 

100“ C 

A 

AI 2 ( 804)3 solution 

100“ C 

^ ' 


h — No appreci.ible corrosion. 

S — Some attack, but not enough to preclude use. 
C — Attacked enough to preclude use. 

D — Bapid attack. 

R. T. — Room temperature. ' 
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RHENIUM 

W J Ivboll* 

Hheajum has «onie properljes in cominon with manganese tungsten and osmium 
The metal looks like platinum Its electrochemical potential indicates that it is more 
noble than tungsten ^ 

The metal readilj diisohcs in nitnc acid and slosilj in sulfuric acid, but is not 
attacked b\ either hjdrochlonc or hjdrofliionc acids Elcctrol>tic deposits of rhenium 
on bra's rc 1 st tl e action of hjdrochlonc acid^ 

Allo\s of rhenium with lawous metals liaie been suggested for fountain pen tips 
becau e of good torro ion and wear resistance 
The mctil IS oxidized when heated in air at moderatelj high temperatures being 
somewhat more rc'i tant to oxidation than tungsten The higher oxides of rhenium 
are \ olatiJe It rc'ists oxidation by wet h 3 drogen at cJei ated temperatures better than 
timg-ten 

Rhenium docs not react with nitrogen at itxy temperature nor does it react with 
carbon carbon monoxide or hxdrotarbon ga«c-s Mercun does not amalgamate with 
it up to a temperature of 300“ C (570*0 
Chlorine and bromine attack the metal aboic W)® C (930* F) 

Rhenium is extracted from Mansfield furnace iron pigs which «eenj to constitute 
the mam «Qurce of «upplj Because of its high cost (approximately twice the price 
of platinum) its u«e for proteetix e coatings or ui allojsis not attractive at present 

GENERAL references 

CuEux L llanilh eh Her anarg^nuchm Chem\f Nutnber70 \»r)ar Cbcmit 1940 
Mbllor J 1' Camprehtnetre Treiitu on Inorgante cn4 The<rtl\eal Chemuiry Vol 12 pp 471-472 
LoogmAtu Ore«n sad Co koodon 191'' 

\ sx AsxBL, A C Rnnt MeiaUe pp 29o-300 } Spnnger Berlis 1930 


SILVER AND SILVER ALLOYS 
Robert II Li-jicnt 

Sih er IS one of the noble mcfaL It planda high m the Emf Senes ha\ mg a standard 
potential of 0£0 xolt This nobility is the principal factor responsible for its high 
re'Ltance to corro ion The production of a protective film upon which the corro ion 
re«i'tance of chromium 'tainle s Meel and aluminum depends is of secondary impor- 
tance with 'liver It may however be a controlling factor in 'ome instances For 
example when «ilver is immersed in hydrochloric acid or m chloride «olutions, a 
film of 'liver chloride is formed which inhibits further corro'ion 

Silver 13 a relatively expensive metal with low tensile 'trength compared to nickel 
or 'tamlexs 'tecl hen high pre' ures are involved the thickne" of 'ilver required 
to giv e the necessary strength on la^e pieces of equipment makes the co't prohibitiv e, 
but 'liver linings for steel equipment have been used to an appreciable extent 

•Consiiltmg vretalluTgist Albany Ore 
t Handy and Harman Bridgeport Conn. 

*C Agfe H Allerlbwm K Becter O Heyne aodK Moera Z anorg Chem 196 121>-1S9 (19311 
*C.G FlnkandP Deren rron» Eleelrochem Soe 66 471 (1934) 
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Silver-clad steel is a satisfactory material for providing the corrosion-resistant proper- 
ties of silver and the necessary strength. Silver plating of steel or other metals is 
sometimes satisfactory, but it must be remembered that, because of its nobility, 
silver is cathodic to all metals except gold, the platinum metals, and mercui-y. Any 
porosity in the plate whicli exposes the underlying metal will set up galvanic corrosion 
with attack of the base metal. This same galvanic corrosion must be considered when 
silver is brought in contact with a base metal in any structural design. 

Acids 

Silver offers high resistance to most dilute mineral acids, either hot or cold. 
Although silver fluoride is soluble in water, the metal is not attacked appreciably by 
hydrofluoric acid and is used to handle this acid in any concentration (Table 1). 
Dissolved oxygen accelerates the attack. 

Silver is rapidlj' attacked by nitric acid and by hot suljuric acid, the latter in con- 
centrations above 85%. The attack by nitric acid in all concentrations is greatly 
accelerated by heat. Data on corrosion of silver in sulfuric acid are given in Table 1. 

The degree of attack by hydrochloric acid varies with concentration and temper- 
ature. Silver has been found satisfactory in many chemical plant operations involving 
' the use of this acid. Nowack and Spanner^ found that normal hydrochloric acid had no 
appreciable effect on fine silver after 3 months of exposure at room temperature. In 
the presence of oxj’gen this resistance is reduced. McDonald^ found that corrosion by 
hydrochloric acid in the presence of an oxidizing agent occurs at elevated tempera- 
ture, but recommends the use of silver for handling dilute hydrochloric acid if 
conditions are such that the film produced by the initial attack is not removed. Many 
^investigators have studied the effect of h 3 'drochloric acid on silver, and the variable 
results reported are without question due to the degree with which the initial chloride 
film is removed. 

Data for 30% and concentrated h.vdrochloric acid are presented in Table 1. 

Silver resists the corrosive action of either hot or cold organic acids in all con- 
centrations (Table 1). Its use for handling phenol (Table 2), fruit juices, essential 
oils, and many pharmaceuticals is warranted by high corrosion resistance and the 
resulting minimum contamination and discoloration of these products. 

Alkalies and Salts 

Silver is highly resistant to alkalies at ordinary or elevated temperatures (Table 3). 
The presence of oxygen accelerates the corrosion, but, even in the case of fused 
alkalies, the resistance is high, and its use for production of high-quality alkali is 
indicated. Silver is corroded by ammonium and substituted ammonium hydroxides. 

Silver is attacked by potassium and sodium cyanide solutions, dissolved oxygen 
accelerating the attack. 

Silver resists the attack of urea, and is used in apparatus for the synthesis of urea 
from ammonia and carbon dioxide. 

Sodium and potassium sulfide solutions corrode silver, forming silver sulfide. Silver 
has been found satisfactory for equipment used in the production of sodium phosphate 
salts.3 Corrosion rates in some salt solutions are given in Table 4. 

1 L. Nowack and J. Spanner, ‘‘Die Korroaiort der Edelmetalle,” pp. 705-827, Die Korrosion Melallischer 
Werksloffe (O. Bauer, Editor), Bd. II, S. Hirzel, Leipzig, 1938. 

“ D. McDonald, "Silver and Its Application to Chemical Plant,” J. Soc. Chem. Ind. (Chem. and In- 
dustry), 50, 168-178 (1931). 

^ B. A. Rogers, I. C. Schoonover, and L. Jordan, “Silver: Its Properties and Industrial Uses,” National 
Bureau of Standards, Circ. C-412 (1930), 
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connosioy in liquid media, atmosphere, gases 


Table 1 CORROSION IN ACIDS AND ACID SOLUTIONS 
eight Losses of Silver mdd 


( + Signifiea gain id «aght ) 


Tempera 

Teat 
Period ' 

Prenous 

Exp^- 

■'phm 

Type of Test* 

•0 1 -F 

hr ^ 

hr 

1 ^ 

j B 1 C 1 M 1 N 1 0 


Acetu Aad 



30<*6 by wt. 

Kr* 

07 

21G 

133 

34 

4S 

43 

0 

34 

0 

Air 

4-0 3 

0 3 

0 0 

0 0 

0 0 

0 7 


0 4 


tll/drocUone Aevi 

SO^ by vol 

Boil 

Boil 

34 

0 

Air 

003 

0 so 

0 as 





ing 

>08 

72 

24 

Air 

0 10 

1 00 

0 hO 




CoDcen* 

Boil 

Boil 

21 

0 

Air 

•H) 10 

2 30 

1 00 




trated 

in* 




nitbotit O* 

0 02 

0 3o 

0 jO 









Excess 0] 

0 7o 

> 00 

1 70 









Excess N* 

0 30 

4 7o 

0 40 







34 

24 

Air 

0 30 

3 00 

4-2 00 









Biihout O 

0 00 

0 30 

4-0 SO 









Excess Nt 

0 10 

5 00 

-H) BO 




[Ii/drofiuone Acvl1 

40 n, 

no 

230 

48 0 








-92 

100% 


100 

ST S 









CS K 

Lottie A etd 1 


Bon 

BoO 

2G 

0 





140 





ing 










Phorphone And (Commircjol) 

50*"£| 

100 

212 

24 

0 

Air 

2 5 

4-20 0 

4-21 0 










0 2 

+ 1 0 

4-4 0 





* Description of testa la giren on p 318. 

t Claii \etf* 4 No 1 p. 6 (40*^ Solution constant bcalicg aolnlion — otherwise unspecified. 100*0 
Solution method of teat unspe^fied.) 

JB A- Rogers 1 C Schoonoter and L. Jordan Silver Ita Properties and Induatnal Uses ’National 
Bureau of Standards Circ. C-1I2 (193S) (Specimen totally inunersed m reflux condenser ) 

{ Samples cut mto two parts at junction. 
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Table 1. CORROSION IN ACIDS AND ACID SOLUTIONS — Continued 



Sulfuric Acid 



Table 2. CORROSION IN ORGANIC REAGENTS 
Weight Losses of Silver, mdd 


( + Signifies gain in weight. ) 


Reagent 

Concentration, 

% 

Temperature 

Test 

Period, 

hr 

Previous 

Exposure, 

hr 

1 

Type of Test* 

mi 

op 

A 

B 

1 

' c 

Carbon tetra- ^ 

100 

185 

365 

24 

0 

-H.O 

+14.0 

+9.0 

chloride • 




24 

24 

0,0 

0.0 

0.0 





90 

48 

-f2.0 

1.3 

0.0 

Phenol 

90 

185 

365 

24 

0 

5.0 

4.0 

1.5 



1 


72 

24 

1.7 

2.2 

13.0 


100 

185 

3G5 

24 

0 

0.0 

+3.3 

+8.2 





72 

24 

+0.66 

0.22 

+0.80 


• Description of tests is given on p. 318. 


Table 3. CORROSION IN CAUSTIC SODA 
% Weiglit Loss of Silver Crucibles 


m 

Concentration, 

Temperature 

Test Period, 

Type of Test* 

O 

% 

°c 

°F 

hr 


70 

75 

167 

24 

0.0042 

Caustic soda j 




60 

/ 0.0041 


Crucibles containing approximately 40 ml of molten 70% caustic were successively heated to 75° C 
(167° F) for 10 hr and then allowed to cool to solidification for 2 hr. This heating cycle was carried on 
continuously for a period of G days. Similar tests were made in which the temperature of the caustic was 
110° C (2.30° F). 

The tests were divided into two periods ofT-day and 5-day duration of the heating and cooling cycle 
The crucibles used were commercially available 999.7 fine silver. 

* Description of test is given on p. 318. 
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Table 4 CORROSION IN SALT SOLUTIONS 
eight Looses of Silver mdd 
(-f S'teiuSes gain in neigbL) 


Salt 

Tetnperature 

Test 

Fenod 

hr 

Previous 

Type of Test* 

•c 

•F 

hr 

M 

N 

0 

solution of aluminutn chloride 

ILTf 


24 

0 

1 0 



(•ucnyeniO) 



48 

24 

2 






48 

72 

0 




100 

212 

24 

0 


12 





43 

24 


a 0 





48 

72 


5 2 


30^ soluiion of aluminum sulfate 

C7 

153 

42 

0 


1 


(AljhOit ISHjO) 



48 

42 


0 


solution of cadmium sulfate 

R T 


24 

0 

0 0 



taCcbOi 8H 0) 



72 

24 

0 




100 

dl2 

24 

D 

4 






72 

24 

0 7 



Saturated solution of calcium fluonde 

100 

212 

96 

0 


0 0 





116 

9C 


0 0 


20'r solution of cupne nitrate 

R T 


24 

0 

0 0 



(CuINOsh-all-O) 



72 

24 

0 0 






144 

90 

0 2 



20‘~e MlutioD of cupne sulfate 

ILT 


24 

0 

+3 2 



(CuSOi fiHtO) 



91 

24 

+0 5 



Saturated aolution of sodium fluonde 

too 

212 

24 

0 

0 0 






96 

24 

0 0 



3't solution of sodium ehlondef 



168 




0 058 




504 




0 0o8 


* Descnptioti of te«ta is giren b<lo» 
t II. T — Room temperature 

de Marehi and C G Fink \ S P R P SirfA Rtpnrl National Bjreau of Slindatda Librao 

(19SS) (Alternate In 11 er>ion Teal dO-niine>cle lo mm immersion followed by lo min exposure to air 1 

Specific Corrosion Data The ilc of 'nlxcr m indittrj la of comparatn elj recent 
growth Although «orae laformation 13 available, preci~o corrosion data, partjcularh 
with reference lo actual performance under ^lcrt^ce condttioiij, are not common 
General information including an e\lea-nc bibhograph\ has been published ^ ® 
The quantitatite data pre«eDted m this chapter (Tables 1 to 4), with few excep- 
tions were obtained from the work done under the au picre of the American Silver 
Producers’ Re earch Project RefluNing, loimciNioa, and evaporation te'ts on silver 
were made a« follows 

Speamen A Suspended inside the inner tube of the water-cooled condenser 
entirel3 m the v apor®, with condensate lorraing on it Size 10 X 1 cm 
Specimen B Su. pended at the junction of the liquid and vapor phase Size 10 X Ij 
cm, about two thirds la the Lquid phase 

* Lawrence Addicts (Editor) SAwr in Indtuby Remliold Publishing Corp . New \ ork IWO 

*A Butts and J M Thomas O>rro*ion Re^taneeof SU^er and Sd\er AUo>-b Chapter 15. SCrer le 
/ndiMtri/ (Lawrence Addicts Editor) ReinholdPnbhs hiii g Corp . New Aork 1940 

*A BnttsandJ Giacobbe Silt er Off era Resistance to Many Chemicals ’ Chtm Vtt Eng 48 76-79 
(December 1941) 
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Large sums of monej ln\c been spent in the ittcmpt to produce allojs highlj 
resistant to sulfur attack but so far as sterling silver or com silver is concerned 
nothing has been developed of anj considerable commercial importance Additions 
of cadmium zinc tin and antimony show added resistance under some conditions 
sufficient to justify their u«e For example an alloy containing 75% silver and 25% 
zinc has had some commercial appticahon If cost is not a factor Pd Ag alloys 
containing up to 40% p illaduim how gieatly impiovcd rc«i»taiicc (Tarnish resistance 
of the Pd Ag alloys la dLcusscd on p 3(b Sec PIq 1 p 306 ) 


SILVEIl ALtX>\S 

Silver alloys arc usually less resistant than fine silver to various corrosive sub 
stances with the re i«tanco increasing with the percentage of silver Fmk and 
de Marclii** u cd a 3% brine sohilion for te tint a senes of both low and high fine- 
ness illoy They reported that the addition of a small amount of silver to a fev 
non ferrous alloys improved the corrosion resistance but none of the silver rich 
alloys were more resistant than fine silver 

Ag Si allova containing les.s tl m 2% silicon have higher yicl 1 strength and hard 
nesa than silver an 1 A J Dornblalta® investigations showed no appreciable lo s of 
coirosion ro latancc 

Silver brazing alloys ('liver solders) arc « ed extensively in the manufacture of 
equipment for themical plants and other industries where resistance to corrosion is 
important 


ACKNOU LEDGMENT 

AeknoKledgmeat it made to Mr John L Chnatie of Haody and llarmaa for bu help in prepanng thu 
chapter 


TANTALUM 

(;^■^RE^CE "W BaLKE* 

Tantalum i® highh resistant to chcmuil corra ion In this respect it resembles gla's 
more nearly than golil or platinum It is not attacked by most acids at ordmary 
temperatures Hydrofluoric acid as the outstanding exception attacks it readily 
Tantalum is much leso resi'tant lo alkaline solutions and m boiling solutions of 
the strong alkalies it b rapidly destroyed In man\ cases the rate of corrosion is 
largely dependent on the temperature of the corrosive agent 
The data presented below have been obtained with the metal m the form of sheet 
usually m the annealed state which is the form m which the metal is u.ed commer 
cially for the construction of chemical equipment The metal w very pure being not 
le 3 than 999% tantalum The mam impurities consist of 'mall amounts of iron 
carbon and po sibly di'.olved oxygen 

• Fansteel Aletallurgical Corporal on North ChicsEO HI 

® V S de Marcbj and C C F ok Corrotton Res staoce of AJloj'S Coatalning Silver A S P R P- 
Report National Bureau of Standards labruT' (193S) 

®A J Dornblatt S Iver for Plant Lse Chem JUet Eng 45 601 (November 1938) 
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EMBRITTLEMENT OF TANTALUM 

Tantalum can absorb as much as 740 times its own volume if heated to a red heat 
' and cooled in hydrogen. This can also take place at ordinary temperatures if the 
hydrogen is in the nascent condition. Although iholecular hydrogen or oxygen in 
solution has no action on tantalum, hj'drogen absorption and consequent embrittle- 
ment of the metal can occur in practically all electrolytes, especially at elevated 
temperatures, because of electrolytic action resulting from a galvanic coupling or 
because of stray electrical currents. To prevent this action, the tantglum shotild be 
electrically insulated from other metals in the equipment and stray currents should 
be located and eliminated. ' 

Hydrofluoric acid and alkalies can also produce this type of embrittlement since 
nascent hydrogen is one product of their reaction with the metal. 

Metal once embrittled can be restored only by heating in a vacuum. , 

I 

,AQUEOUS MEDLA. 

Water 

Natural fresh waters, sea water, and mine waters (usually acidic) have no action 
on tantalum. In boiler waters and condensates the alkalinity must be controlled. The 
pH should be less than 9 as a maximum and preferably not more than 8. 

Acids 

Quantitative data for the corrosion of tantalum in acids are given in Table 1. 
Hydrofluoric acid corrodes and embrittles tantalum very rapidly, and the data indicate 
that fuming sulfuric acid also has a rapid corrosive action. A mixture of hydrofluoric 
and nitric acids dissolves the metal rapidly and completely. A number of the labora- 
tory tests shown in Table 1 have been confirmed by the performance of chemical 
equipment constructed of tantalum. Typical examples are given in Table 2. 

Alkalies 

Alkalies attack tantalum. The rate of corrosion and embrittlement depends on the 
nature of the alkali, its concentration, and temperature. No change in weight 
resulted when a sample was immersed in a saturated Ba(OH )2 solution for 135 days 
at atmospheric temperatures. In 5% NaOH solution at 100° C (212° F) there was a 
loss of 4 mdd (0.0003 ipy) in 60 days. A similar test with KOH resulted in a loss of 
0.03 mdd (0.0000 ipy). In both cases there was surface embrittlement, but the center 
of the sheet remained soft. A 40% solution of either alkali at 110° C (230° F) 
destroyed and embrittled the specimens in 2 days. 

Salt Solutions ' , ' 

Tantalum is inert to salts or salt solutions, excepting those which contain or hydro- 
lyze to strong alkalies. Fluorides, however, will attack the metal. Unless strongly 
alkaline, hypochlorites do not affect it, nor is it corroded by a solution of potassium 
iodine saturated with iodine, or by ferric, mercuric, or stannic chloride solutions at 
ordinary temperatures. Tantalum also resists the action of ferric chloride at 170° C 
(365° F) and that of molten crystalline stannic chloride. 

Tantalum in the Human Body. Tantalum is not attacked by body fluids under 
any circumstances and hence certain cells grow on the metal and adhere to it. This 
behavior has resulted in a rapid development of its use for bone and nerve repair. 
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Table 1 COIIROSIOV OP TANTALUM BY ACIDS 


Sue of specimen — annealed sheet 0 IS X II X lOo mm (0 OOC X X 4H m.) 
Preparation of epecirnen — cleaned in diehroaiate clean ng solution. 


Corrosive Liquid 

Temperature 

Duration 

of 

Test 

Corrosion Rate 

•c 

•F 

mdd 

ipy 

HCT cone 

1»-2G 

00-79 

13a days 

0 0 


Munatio acid (commercul HCl) 

l»-26 

60-70 

135 days 

0 0 


HCl cone 

110 

230 

5 days 

0 0 

0 0000 

UNOj cone 

19 2C 

60-79 

13o days 

D 0 

0 0000 


80 

187 

6 days 

0 0 

0 0000 

H1SO4 cone 

19-20 

00-79 

13o days 

0 0 

0 0000 


U7 

297 

00 dsys 

0 01 

0 0000 


17o 

347 

30 days 

1 4 

0 0001 


200 

392 

30 days 

17 7 

0 001a 


250 

482 

0 hi 

332 0 

0 O'^ 


300 

573 

Sir 

3 9CO 0 

0 342 

HiSOt cone +'KiCri07 

10-20 

00-79 

13o days 

0 0 

0 0000 

HiSO« cone + KiCnOr 

90 

20^ 

90 days 

0 04 

0 0000 

CrOi — plating aolutioa 

98 

208 

90 days 

0 02 

0 0000 

HjPOi — 80% 

145 

293 

90 days 

0 Oo 

0 0000 


180-210 

350-410 

31 days 

2 7 

0 VXP 

H1SO4 ftinusg 15% SO] 

23 

73 

2 days 

3 2 

0 0003 


70 

158 

6 hr 

1 000 0 

0 00’ 


130 

200 

2 hr 

45 000 0 

3 9 

OxaLe acid — laturated aolut on 

90 

20rf 

90 days 

0 1 

0 0000 


Table *’ PERFORMANCE OF CHEMICAL EQUIPMENT CONSTRUCTED 
OF TANTALUM 


Material 

Processed 

Operation 

Diralion of 
Operation 

Corrosion or Embnttlement 

HCI cone 

E> aporation 

9 yr 

None 

IlCi 

Absorption in HjO 

7yr 

None 

n\Oj cone 

Evaporating and condensing 

9 JT 

None 

IIBr 

Evaporating and condensiiig pro- 
duction of 4a% IIBr 

8yr 

None 

lIjPOi 80% 

Heating to 145* C (293® F) 

5}T 

Slow progressive embrittlement 

Br liquid 

Evaporating and condeDsiog 

5jT 

fluorine less than 5 ppm 

None 

NHiCl solution 

Es aporating 

8jT 

Chlonne may be present 

Fluonne ebould be absent 

None 

HjOr 

Manufacture and concentration 

Syr 

None 


SotmO\S OF Ob04X7C Cojitofmjs 


Test data under this heading are limited to lactic oxalic, and acetic acids and a 
saturated eolution of phenol The> had no effect on tantalum when tested for 135 dajs 
at atmospheric temperature Boiling tartane acid u not corrosiie to tantalum, but 
in hot oxalic acid ^here is a measurable slight corrosion rate (See Table I ) 
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GASES AND NON-AQUEOUS LIQUIDS 

At temperatures not exceeding 150“ C (300° F) and in the absence of fluorine, free 
SO3, or strong alkalies most inorganic and organic liquids have no effect on tantalum. 
The same is true of nearly all corrosive gases including wet or dry chlorine or bromine. 
In the case of bromine a temperature of 175“ C (350“ F) is a safe limit. 

ATMOSPHERIC CORROSION 

A tantalum plate exposed for 13 years on the outside of a factory building at 
North Chicago, Illinois, near a chemical plant where the air frequently contains 
CI2, HCl, and sometimes HF, showed no tarnish or pitting. 


TIN 

Bruce W. Gonser* and James E. Strader* 

Since tin is a low-melting metal, it finds no application where high-temperature 
corrosion is a factor. It is used largely as a protective coating over steel for food 
cans, and in alloys, such as bronze, pewter, solders, and terne plate. The pure metal, 
block tin, has a number of applications, however, as in tubing, collapsible tubes, 
and foil, because of its resistance to corrosion, its ease of fabrication, and its 
non-toxicity. / ' 

AQUEOUS MEDIA 

Tin is amphoteric, reacting with both strong acids and strong bases, but is 
relatively resistant to nearly neutral solutions. Oxygen greatly accelerates corrosion by 
aqueous solutions. The metal is normally covered with a thin invisible film of stannic 
oxide, which may be completely removed by acids or alkalies, or penetrated at 
isolated points to produce pits. The pitting type of attack when corrosion occurs is 
more common in nearly neutral solutions. 

Fresh Waters 

Distilled and soft tap waters are not corrosive to tin. Double distilled water has 
been shown to have practically no solvent effect on tin as determined by conductivity 
measurements.! 

In tap water of pH 7.2 at 25“ C (80“ F), exposed to air, 3.5 X 2.5 cm (1.4 X 1.0 in.) 
specimens of 99.99% cold-rolled tin showed an approximate weight gain of 0.2 mg 
in 50 days (0.023 mdd) and formation of an insoluble film.2 Hot distilled water in 20 
days gave a similar but thinner film. With harder tap waters of pH 7.4 and 8.6, weight 
losses in 50 days were of the order of 0.4 and 0.1 mg (0.046 and 0.01 mdd), respectively, 
and slight localized attack near the water line occurred. Practically the same results, 
except for greater localized attack, were obtained with 99.68% tin. Precipitated 
carbonate was mainly responsible for localized water line attack with hot and cold 
hard waters, since no attack occurred without the precipitate. Addition of 5% 
antimony to the tin prevented localized attack by hard water. 

*Battelle Memorial Institute, Columbus, Ohio. 

^ C. L. Mantell, ITzn, pp. 300-317, Rcinhold Publishing Corp., New York, 1929. 

^T. P. Hoar, “The Corrosion of Tin and Its Alloys. Part 1. The Tin Rich Sn-Sb-Cu Alloys,” J. Inst 
•Metals, 65, 135-145 (1934). 
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Sea. 'Water 

Cast tin corroded to tlic extent of 000003 to 0 00009 ipy m 4 >ear tests Deepe<!t pits 
formed m this period extendul to about 050 mm (0 02 m ) for high grade tin but 
i\eie negligible for common tin (See Table 19 p 417) 

Acids 

Tin IS onlj moderately resistant to corrosion b3 acids m the presence of air In the 
absence of air the corrosion rate decreases becaU'C of the high hydrogen overvoltage 
of tin 3 Oxidizers m acids consisting of either dissolved oxj gen or oxidizing salts will 
depolarize the mrface and arcclcrate corrosion It has been shown that the corrosion 
of tin by weak non oxidizing acids is determined primarily by the dis olved 0 x 5 gen 
in the acid-* Table 1 shows that this factor al o operates with the stronger non- 
oxidizmg acids 


Table 1 EFFECT OF OX\GLN ON ACID CORROSION OF TIN* 

Size of epeeimen — 3 2 X 7 ft X 0070 cm <1 3 X30 X 0 031 la.) 

Surface preparat oa elightly rougheneii No 1 emery paper 
Aeral on — gas rale 2o0 ml/mia 10 fine bubbles 
Temp — 20* C (CS* F) 

Duration — 5 hr 
Anabe « of tin — unknown 


Acid 

Cone ^ by W t 

1 Corrosion Rale 

Under Hr 

1 Under O 2 

mdd 

ipy 

mdd 

ipy 

Sulfuric 

r 

3o 

0 007 

4 400 

0 86u 

H} drochloric 

r 

CO 

0 012 

11300 

2 240 

Nitne 

3 

040 

0 12C 

6o0 

0 12s 

Acetic 

e 

l» 

0 003 

2 300 

0 409 


*tV G tv hitman and R P Russell TbeAcid Corroaionof Metals CSeclof Ozygen and Velocity 
Ind E ig Chrm 17 348 (I92o) 


Inorganic Acids The corrosion rates of tin m dilute sulfuric, lij drochloric, and 
nitric acids at room temperature are given in Tables 1 and 2 Nitnc acid attacks tm 
slowlj when cold and dilute, more rapidlj with ri ing temperature and concentration 
When the attach is rapid a» with the hot acid the tm is partially converted to 
motastannic acid ^ 

To illustrate the effect of oxidizers other than 0 x 3 gen the addition of 55 grams per 
liter of «oduim chlorate to I sulfuric acid increased the rate of solution of tin 
(specimen area 64 «q cm) m a 19 hour test at 38” C (100“ F) from 74 to 16 500 mdd® 
Under similar conditions the addition of 55 grams per liter of potassium perman 
ganate increased the rate of solution of cast tin from 187 mdd to 7135 mdd Addition 
of potassium dichromate to "nilfunc acid acted as an inhibitor Tm salts m solution 
R J McKay and R Worthington Corrotum Retutanet of MeUdt and Alloy) pp 180-199 Re nhold 
Publishing Corp New York 1936 

* M G Whitman and R P Russell *The Acid Cortoa on of Metals Effect of Oxygen and Velocity 
Ini Ena Ckem 17 348 (1925) 

®C L Mantell Tin pp 300-317 ReinboIdPubl ahing Corp New York 1929 

* O P Watts and N D Whipple CorroMon of Metals by Acids Tram Eleetrochem Soc S3 268 
(1917) 
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also tend to reduce the corrosion rate, as has been demonstrated by a marked reduc- 
tion in tin dissolved by concentrations of 1% or less of hydrochloric acid in absence 
of air when as little as 10 ppm of stannous chloride are added to- the solution. 

Halogen acids attack tin, particularly when hot and concentiated. The rate of attack 
by hydrofluoric acid is relatively slow, however. 

Chloric and hypochlorous acids attack tin, and the rate is accelerated by presence 
of other acids. Pure hydrocyanic acid has no action on tin, but tin causes decomposi- 
tion of the acid. Phosphoric acid, 0.1 N, has little action on tin in 7 'days at room 
temperature.'^ 

Organic Acids. A comparison of the action of various organic acids on 2.5 X 4.0 
cm (1 X 1.6 in.) sheet tin specimens, exposed for 210 hours at room temperature to 
150 ml of air-free solutions of concentration equivalent to 0.75% malic acid, showed 
a rate of attack by citric, succinic, malic, malonic, and acetic acids ranging from 0.5 
to 0.£7 mdd, in the order given.® Solutions of 1% acetic and 1% lactic acid produced 
about the same rate of corrosion as sulfuric acid, and a third that of hj^drochlonc 
acid, when run under comparable conditions in sealed, but not air-free, containers at 
20° G (70° F) Under the same conditions, butyric acid produced no measurable 
attack, but slight attack (4 mdd in a 5-hour test) was noted at 63° C (145° F). 

Acetic acid attacks tin only very slowly, even in hot, fairly concentrated solutions, 
and scarcely at all in cold dilute solutions. The rate of corrosion in 20, 60, and 100% 
acetic acid in closed, but not air-free, containers has been found to be 25, 31, and 
97 mdd at 25° C (77° F). In boiling acetic acid of the same concentrations, "the rate 
of attack increased to 55, 80, and 854 mdd.i® ' 

Citric acid gave weight losses of 15 and 12 mdd, respectively, on partly immersed 
6.5 X 2.5 cm (2.5 X 1.0 in.), 99.99 and 99.68% tin specimens, when using a 0.1 A 
solution in contact with air for 6 days at 25° C (77° F).il This was 20 to 30% less than 
with 0.1 N hydrochloric acid under similar conditions. In contact with air, the attack 
by citric acid was largely at the water line, whereas tin fully immersed was only 
lightly etched. 

Stearic and oleic acids attack tin readily at high temperatures. Oxalic acid is 
probably the most corrosive of the common organic acids toward tin.i 2 

Alkalies 

As shown in Table 2, dilute solutions of weak alkalies, such as ammonium hydroxide 
and sodium carbonate, have little effect on tin; but a strong alkali, like sodium 
hydroxide, is corrosive even when cold and in dilute solution. Tin is dissolved by 
strong alkalies with formation of stannates. As with acids, the rate of attack is greatly 
enhanced by aeration. Tests made by immersing tin of 0.6 sq dm (9.3 sq in.) area in 
190 ml of 0.1 N sodium hydroxide for 45 hours at 37.5° C (100 °F) gave a weight loss 
of 27 mdd. This rate was raised to 600 mdd by addition of 10 grams of potassium 

^J. M. Bryan, Corrosion of Ti7i,pp. 185-193, Department of Soientifio Industrial Research (British), 
Food Investigation Board, Special Report 44, 1937. 

® E. F. Kohman and N. H. Sanborn, "Factors Affecting the Relative Potentials of Tin and Iron,” Ind. 
Eno. Chem., 20, 1373-1377 (1928). 

® O. F. Hunziker, W. A. Cordes, and B. H. Nissen, “Metals in Dairy Equipment,” J. Dairy Sci 12 
140-181 (1929). 

W. S. Calcott and J. C. Whetzel, “Laboratory Corrosion Tests,” Trans. Am. Inst. Chem Engrs 15 
(1), 75 (1923). 

“ T. P. Hoar, “The Corrosion of Tin and Its Alloys. Part 1. The Tin Rich Sn-Sb-Cu Alloys.” J Inst 
Metals, 65, 135-145 (1934). 

, J. M. Bryan, loc. dt. 



326 CORItOSIO\ IN LIQUID MEDIA, ATMOSPHERE, GASES 

permanganate and the rate became 3310 mdd bj raising the concentrabon to 20% 
and adding 5 grama of picric acid 

The rate of attack of tin bj sodium carbonate has been «ho\\n to be negligible with 
a solution of pH 9^ but weight loa'cs of 9 and 15 mdd were obtained with a solution 
of pH 10 and 112 rc®pecti\el> in a 45-day test at 253* C (78® F) i]«ing 10 X 25 cm 
(4 0 X 1 0 in ) specimens in 100 ml sealed but not air free, containers No measur 

Tabi-e 2 THE EFFECT OF DILUTE ACIDS ALKALIES AND SALTS 
ON THE CORROSION OF TIN* 

09 2*^ eommerc al tin (061% Pb 0 li>% 2n) 

Area o( ipectmena — I aq dm (IS .> sq in ) 

Surface preparation — rolled and pot *1 e<t 
\eratiQn — nat connect 


Temperature — 17* to 20* C (fl* to 68* F) 


Solution 

02A 

It t Loss grams 

Wt Loss mdd 

tol VoJn 

1 litert 

4 hr 

lol Soln 
$ 1 twl 

7 dsjs 

toL <^ln. 

>4 Inert 

28 da>« 

to( <^{n 

1 I ter 

4 hr 

( oI ^oln. 

‘j liter 
7(la>B 

tol «oIn 
Hller 

2$ dais 

HNOj 

1 63 

4 0 

7 2 


5-0 

*o7 

net 

0 03 

0 42 

0 0 

ro 

fO 

33 

HjSOi 

0 O'* 

0 22 

0 '>s 

1*0 

31 

9 

SaOll 


0 30 

0 vO 


42 

IS 

SsiCOj 


0 01 

0 00 


1 

0 

MLOH 


0 00 

0 00 


0 

0 

KaCl 


0 00 

0 03 


D 

3 

CaCIi 


0 13 

0 03 


IS 

3 

MgCli 


0 16 

0 10 



23 

4 


*A J Hale and H S Toaier The Action of D lute Solutions of Acid* Alkalies and Salta upon Certain 


Metals J Soe. Chen Ind 34 404 (tOU) 
t Same solution throughout 
{Solution renewed daily 

able effect was noted with a bicarbonate solution of pH 8 4 Addition of lanoas 
anions such ao phoophate perborate and chromate decreased corro ion Likewise 
addition of sodium sulfite to aikalme detergents containing 0 5% 'oduim carbonate 
has been shown to reduce the corrosive action on tm cffectuelj 

Sv.LT Solutions 

Salts with acid reaction m solution attack tm in the presence of oxidizers or air 
Thus a solution of aluminum chloride is particularh corrosive when aerated 
Oxidizing salts such as feme chloride, are marked]} corrosne*® Table 2 compares 
the action of •‘ome salts with acids and alkalies 
The oxide film on tin is not entirelj removed b} neutral solutions of the chloride 
or sulfate t}"po and when corro ion occurs if at all, it is bv thickening the oxide film 
O P Watts and N D Whipple Conomon of Metals bj Acids Trane £7<Tfrof*em Soe 32 ■’6S 
(1917) 

t* G Derge uud II Xlarkus Stud es upon theCocTOSionof Tin Trane Arn Jnel Mining Met Engre 

133 295-301 (1939) 143 IDS-^OS (1041) 

R Kerr The Lse of Sod um Sulptnte as an Addition to Alkaline Detergents for Tinned Ware 
J Soe Chem Ind S4 217 soiT (193o) 

R J McKay and R Worthington Corrveion Reeittanee ef SletaU and Allays pp 180-199 Reinhold 
Pubbshing Corp. K ew \ orW 1936 
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tc give a visible tarnish, or by localized attack to give pitting and black spots.^'^ 
Solutions which form no precipitate with stannous ions (chloride, bromide, chlorate, 
perchlorate, sulfate, nitrate) form such black spots, chlorides producing the greatest 
attack. No such action is obtained with solutions forming stable precipitates, such 
as iodate, borate, phosphate, chromate, thiocyanate, iodide, nitrite, sulfite, bicarbon- 
ate, ferricj^anide, and ferrocyanide.i^ 

Aqueous Solutions of Organic Compounds 

\ 

Milk has only a slight action on tin even when strongly aerated, or when sour.i^ 
Tests with sweet milk, sour milk, and condensed milk have shown weight losses 
between 1.5 and 3.8 mdd in the 6° to 62° C temperature range. Sweet and sour cream 
caused insignificant attack at 20° C (70° F) but showed losses of 11 and 6.7 mdd, 
respectively, in 5 hour tests at 63° C (145° F). Fruit juices corroded tin at a rate of 1 
to 25 mdd under mildly aerated conditions at room temperature, but weight losses of 
T28 to 350 mdd have been noted for boiling lemon, tomato, red grape, and apple juices 
(listed in order of increasing corrosion). 

Tin is considered to have only limited application in wineries because of relatively 
poor resistance to corrosion,20 but extensive use in handling beer has indicated 
reasonably satisfactory performance, even though cloudiness is imparted after many 
hours contact in pipe lines with beer which has not been partially neutralized to 
diminish acidity. 


NON-AQUEOUS MEDIA 

Tin is practically unattacked by common petroleum products, such as gasoline, 
kerosene, and lubricating oils. Benzol, a mixture of 192 proof alcohol plus 5% ben- 
zine, and absolute alcohol gave respective weight losses of 0.038, 0.109, and 0.127 mdd 
using tin disks in 150 to 200 day tests in a closed, but not air-free, container at room 
tempera ture.2i By constant shaking, the rate was increased to 0.76, 1.15, and 2.23 mdd, 
respectively, in 12-day tests. 

In a 6-month test, tin was found to corrode in carbon teirachlonde at the rate of 
0.738 mdd at room temperature. The rate in a 100-hour test in carbon tetrachloride 
and water vapor at the mutual boiling point was 5.62 mdd .22 

Chlorine, bromine, and iodine rapidly attack tin, even at low temperatures; 
fluorine reacts at about 100° C (210° F). 

ATMOSPHERIC CORROSION 

Figure 1 shows the linear relationship between time and weight gain from tarnish 
on exposure of tin indoors. The weight gain amounts to 0.004 mdd. This compares 
with weight gains of 0.007, 0.014, and 0.019 mdd for copper, zinc, and cadmium tested 

S. Brennert, “Black Spots on Tin and Tinned Ware,” International Tin Research and Development 
Council, Tech. Publ. D-2, 1-27 (1935). 

T. P. Hoar, “The Corrosion of Tin in Nearly Neutral Solutions,” Trans. Faraday Soc., 33, 1162-1167 
(1937). 

R. J. McKay and R. Worthington, Corrosion Resistance of Metals and Alloys, pp. 180-199, Reinhold 
Publishing Corp., New York, 1936. 

H. E. Searle, F. L. Laque, and R. H. Dohrow, “Corrosion Resistance of Metals in Wine Making and 
Tolerance of Wine for Metals,” Ind. Eng. Chem., 26, 617—627 (1934). 

W. Wawrzinick, “New Method for Determining the Corrosion of Sheet Metals in Motor Fuels,” Auto- 
mobiltech. Z., 33, 28-30 (1930). 

F. H. Rhodes and J. T. McCarty, “The Corrosion of Certain Metals by Carbon Tetrachloride,” Ind. 
Eng. Chem., 17, 909-911 (1925). 
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for 220 da>s under the 'ame conditions as tm Table 3 gues comparable data for out- 
door exposure In a Ste% eii«on ecrcen* tost of exposure to i igorous air currents and 



Fig 1 ^ eight Gain of Tin in an Indoor Atmosphere (Kenworthj ) 


Table 3 EFFECT OF OUTDOOR EXPOSURE OV TIX* 

Sue of ipeeimen — 10 X 5 0 X 0 2 cm (1 X 2 X 0 OS lo. ) 

Surface prcparatioa — nnseij la acetone 
Duration — 1 } ear (in Eoeland ) 

Corroeion product removed largely by mechanical means 


Material 

Average IVl Cam, mdd 

M t. of Metal Corroded, mdd 
(Dy difference) 

Pure tin 

+0 178 

0 30 

Tin +22% antimony 

40 126 

0 31 

Tin +02% copper 

40 189 

0 36 


* L. Kenworthy The Atmoepbene Corroeion and Tarnishing of Tin Tram Faraday Sac 3t 1331 
134o (193o) International Tin Research and Development Council A 24 Ttth Publicaturn (1935) 


* Ste%enson screens are irooden boxes wilh doutde niofa and double louvered sides They are used by 
meleorolapels to shelter their insfrumeots /ran ram and direct solar radiation For complete desenp- 
tiOD eeeJ C Uadeoa Tra/it Faraday Soe 3S 1S6 
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fluctuations of temperature and humidit 3 '', but sheltered from direct rainfall, the rate 
of attack on tin in a- year was 027 mdd, compared to 0.24 for copper and 0.47 

for nickel.23 

A. S. T. M. exposure tests of 22.8 X 30.5 cm (9 X 12 in.) commercial 99.85% tin 
panels in rural, industrial, and marine locations for 10 years gave average weight 
gains of 0.007, 0.067, and 0.11 mdd, respectively. 2 After chemically cleaning, the 
weight losses were 0.09, 0.27, and 0.45 mdd, respectively, and respective losses in 
tensile strength were 19, 23.5, and 30%. 


TITANIUM 
W. J. Kroll* 

In the group of elements comprising silicon, titanium, zirconium, and hafnium, 
titanium is the least corrosion resistant. The metal is very malleable, hot or cold, 
when free of oxygen and nitrogen, but the smallest traces of these impurities embrittle 
it. It is made in small quantities by sodium reduction of titanium tetrachloride in a 
bomb, or by reduction of the chloride with magnesium under argon. Both reduction 
processes yield malleable metal. It may be shaped either by sintering, or by melting 
in special furnaces followed by rolling.^ The ductile metal embrittles when overheated 
because of grain growth. Difficulties in joining are considerable. 

Corrosion data available in the literature concern mostly impure brittle metal. 
Pure titanium is said to behave in general like 18-8 stainless steel.2 

Titanium is not attacked by cold or by boiling water. Steam reacts with it at 
800° C (1475° F). 

The metal is attacked bj'' cold dilute hydrochloric or sulfuric acids. Concentrated 
nitric acid “passivates” the metal, after which it is more resistant to hydrochloric and 
sulfuric acids.2 Hydrofluoric acid is corrosive to titanium. Mixtures of hydrofluoric 
and nitric acids attack- the metal more rapidly than hydrofluoric acid alone. 

Titanium can be heated to 600° C (1100° F) without impairing its properties by 
oxygen penetration.^ 'It reacts with fluorine, chlorine, and iodine at elevated tem- 
peratures. The iodine reaction is reversible, permitting the production of high-purity 
metal by dissociation of titanium iodide on a hot filament.^ Hydrogen chloride reacts 
at high temperatures to form titanium tetrachloride. 

Sulfur, HoS, and CSo, when heated in contact with titanium, form the metal sulfide. 
Hydrogen and nitrogen react at high temperatures to produce the hydride and 
nitride respectively. Ammonia forms the nitride above 800° C (1475° F). 

Molten KOH reacts with titanium with evolution of hydrogen. 

At elevated temperatures, titanium reduces all known oxides. 

• Consulting Metallurgist, Albany, Ore. 

I f 

L. Kenworthy, “The Atmospheric Corrosion and Tarnishing of Tin,” Trans. Faraday Soc., 31, 1331- 
1345 (1935); International Tin Research and Development Council, Tech. Publ. A-24 (1935). 

^ W. H. Finkeldey, “Report of Subcommittee VI on Atmospheric Corrosion of Nonferrous Metals and 
Alloys,” Proc. Am, Soc. Testing Materials, 43 (1), 137—154 (1943) 

^ W. J. Kroll, Trans. Eleclrochem. Soc., 78, 35' (1940)! 

J. Kroll, Metallivirtschafi, 18, 77 (1939). 

^ J. D. Fast, Z. anorg. Chem., 241, 42 (1939). 
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TUNGSTEN 

■ft J Kroll* 

The general behavior of timgj,len is onalc^ous to that of molybdenum The forma 
tion of 'olublo alkali tungstates and good resistance to hydrofluoric and hydrochloric 
acida are the mam charactcristjcs of this metal Its use « limited by its brittleness 
except in %ery thin sections and by the difficulties of joining Powder is much more 
readily attacked than wrought metal The data given below refer to wrought metal 
only 

Cold and hot witcr do not allarf^ tung«ten but water \apor reacts at red heat 
Alkali volutions and ammonia are not corro‘?i\c in absence of oxygen ^ Hydrofluoric 
acid either liot or cold has no corrosne action Concentrated nitric acid dissolves the 
metal slowly at 110“ C (230“ F) but concentrated hydrochloric acid has very little 
action at the same temperature^ Concentrated sulfuric acid reacts only slightly ^ 
The corrosion rates m dilute acids are reported by Rohn^ as follows 

BuraUon 0 / Tttl IlNOj mOJ 10% IljSO^ tndd 10% HCl nM 

24 hr Cold 0 0 0 0 0 0 

1 hr Hot 1440 240 240 

Chromic acid solutions or mixtures with «ulfunc acid do not appreciably attack 
tung ten 

Alloys of tungsten with iron have been made by sintering the powders and they 
were to ted for corrosion resistance m various media ^ The 76% ^^-24% Fe alloy in 
normal hydrochloric or sulfuric acid is stated to corrode at a rate of about 1150 mdd 
at 20* C 

Aqueous solutions of CuCl* or FeCh are corrosive to tungsten 5 A good etching 
reagent is a solution of NaOII and KsFeCCNlc 

As anode in 207^ sulfuric acid at room temperature and current density of 018 
amp per eq dm (1 7 amp per sq ft) the metal loss was 40 mg per amp hour® Tungsten 
as anode in caustic solutions is rapidly dissolved 

Fluorine reacts vrith tungsten at room temperature bromine and iodine at red 
heat Chlorine reacts m presence of oxygen at 600* C (1100“ F) ^ The gases COj CSo 
S'>Ci‘» CO JsO and NOj react at elevated temperatures The elements SBC, and 
Si form compounds with tungsten at elevated temperatures 

Tungsten docs not rapidly oxidize below 600® C (11(W“F) in air or below 500“ C 
(950“ F) m oxygen although oxide films showing interference colors may form At 
high temperatures tungsten reacts with MgO Al’Oa ThO** andZrOo® 

Molten alkalies are corrosive to the metal in presence of oxygen or oxidizing agent* 
Molten nitrites nitrites and peroxides react violently Tungsten can be used as anode 
m the electroly «is of fused Aids nnd BeCl* ® 

* Consulting XletaJlurg at Albany Ore 

>S L Xlalonan Z Metallkundt 33 60 (1931) 

* W Rohn Z MeUdlkundt 16 387 (1926) 

* C G Hnk Tram EUcfrochtm Soc 17 229 (1910) 

* G Grube and K Schneider Z anorg Chtm 168 28 (19®8) 

* Hikozo Endo and Akira Ita^aki Institute of Metals Met Abatracte 7 20-21 (1940) 

“PR Morral and J L Bray rrons EUetrochem Soc 75 427—440 (1939) 

^R Sp tzin and L Kaschtanow Z anorg Chem 157 154 (1920 

*II von XVartenberg and H Moehl Z jAgaat Chem 128 439 (1927) 

* I G Farbenindustrie German Patent 514 125 (1930) 
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GENERAL REFERENCES (TUNGSTEN) 

Gmelin, L., Handbuch der anorganischen Chemie (.Tungsten), Vol. 54, pp. 86-90, Verlag Chemie, 1933. 
Li, K. C., and Chung Yu Wang, Tungsten, p. 205, Reinhold Publishing Corp., 1943. 


URANIUM 

W. J. Kroll* 

The element uranium (m.p. approx. 1150° C [2100° F]) resembles the rare earths 
^ in a great many respects. The reduction of the chloride with sodium in a bomb, the 
- electrolysis of a fused fluoride bath, and the reduction of the oxide with calcium in 
presence of CaCla under argon yield malleable pure metal. It is fairly soft and can 
readily be rolled. Only a few data are available for the rolled metal.t The powder is 
probably more readily attacked than compact metal. 

Uranium tarnishes slowly in air, becoming yellow, brown and finally black. It 
starts oxidizing in air at 150° to 170° C (300° to 340° F). Hydrogen at moderately 
high temperatures readily forms a hydride. In presence of nitrogen at elevated tem- 
peratures reaction occurs with formation of a nitride. Chlorine, bromine, and iodine 
react at 180°, 210°, and 260° C (355°, 410°, 500° F), respectively; sulfur at 500° C 
(930-° F) . Fluorine reacts at room temperature. 

Water does not react with uranium at room temperature, but at boiling temperature 
attack occurs. Dilute hydrochloric and sulfuric acids dissolve the metal slowly when 
cold, rapidly when hot. Concentrated sulfuric acid also rapidly attacks the metal. 
Acetic acid is slightly corrosive. Dilute nitric acid is without effect, but the concen- 
trated acid reacts violently. Solutions of ammonium or sodium persulfate rapidly 
corrode the metal. 

Alkali solutions in general have no action, but ammonium hydroxide reacts when 
hot. 


GENERAL REFERENCE 

Gmelin, L., Handbuch der anorganischen Chemie, System No. 55, Verlag Chemie, 1936. 


ZINCt 

E. A. Anderson§ and C. E. IIeinhard§ 

Information on the compositions and forms of zinc available commercially will be 
useful in interpreting the discussion of corrosion. 

The natural impurities in zinc as ordinarily produced are lead, iron, and cadmium. 
Rolled strip and sheet, ingot slabs, and coatings on steel are available in a range of 
compositions. The American Society for Testing Materials recognizes six grades of - 
slab zinc, as follows U 

* Consulting Metallurgist, Albany, Ore. 

t F. H. D riggs and W. O. LiUiendahl, Ind. Eng. Chem., 22, 516 (1930). 

t Refer also to Zinc Coatings on Steel, p. 803. 

S Research Division, The New Jersey Zinc Co. (of Pa.), Palmerton, Pa 

1 A. S. T. M. Standards, Part 1, 815 (1942). 
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Grade 

% XlaaiDium 

Sum of Lead 
Cadmiun and Iron 

Lead 

Iron 

C" Irnium 

* 0 -Maximum 

Spec al High Grade 

0 007 

0 oOa 

0 OOo 

0 010 

High Grade 

0 07 

0 03 

0 07 

0 10 

Intermediate 

0 20 

0 03 

0 

0 SO 

Brass Special 

0 CO 

0 03 

0 aO 


‘‘elected 

0 

0 04 

0 7a 

12, 

Prime n cstern 

1 CO 

0 03 




Zinc IS 'll o i%ai]ab]c in rolJed fonn as allots containing about 1% of copper iriih 
and "ithout supplementary additions of magnesium chronuum etc The hot rolled 
form is mot common for both rolled zinc and zme allojs although for certain 
purpo to \arious degrees of cold rolling are required 
Die castings are made from zinc allots the mo>t frequently u-ed being tho'e 
designated bj A S T M as numbers X\III and XW The compositions specified 
for these allojs are 2 


Alusunum % 
^tft(ne«lum % 

Iroa m&iimum 
L«a<l maximum % 
Cadmium maximuto % 
Tin mazimura 
Zme % 


ADov XSIII 
O 10 maximum 
3Jt«43 
003 toOOS 
0100 
0007 
0 00» 

0 OOo 
Remaiader 


AUej 

0 75 to I 25 
3 a to 4 3 
0 03to008 
0100 
0 007 
0 OOo 
0 OOo 
Tteniaioder 


Zinc coatings range m composition through the entire series of A S T M grades 
Electrodepo. ited zme is generally ver> pure The hot dip coatings «ometimca contain 
added tin or aliiinmum and afwajs contain iron The coiro ion of zme coatings u 
considered in another section of Ihts book (p S03) 

The den ity of rolled zinc t& 7 14 grams/cc, that of the die casting atloja la 6S 


AQUEOUS MEDIA 

Zme in the form of coatings on steel is mdcly used in the handling of water 
supplies (gahaiuzed pipe range boilers etc) with generallj satisfactory results U es 
of rolled zme and zinc die castings in contact with water are lesa common 
The rate of corro ion of zme in water i , in general much lower than that of iron 
(making its u«c as a protectixe coating for iron economical) and somewhat higher 
than that of copper Like other common metaK the rate of corrosion will \ arj greatlj 
with \ anations m the exposure ronditiona cuch as temperature, pH and concentra- 
tion of di sol\ed oxygen Some of the«e factors fiaxe fairly consistent effects and data 
obtained under laboratory conditions haxe some xalue in the analysis of corrosion 
problems 

Effect of Octgev, Cmibon Dioxide, and Other G^es iv W\ter 
Increase m oxy gen concentration re uHs m increased corro'ion rate (Table 1) With 
high oxygen a\ ailability , the corrosion tends to be reasonably uniform Howeier, 

* A S T Xl Standards 1943 Supplement Tart 1 SpeeiBcatwn BS^-43 
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when the oxygen concentration falls below that required for uniform saturation of the 
water, concentration cells develop between areas rich and areas poor in oxygen, 
which result in pitting and marked acceleration of the corrosion rate, with the 
formation of bulky zinc corrosion products. Typical practical cases are the attack 
of zinc alloy carburetors by stagnant pools of water trapped under the gasoline and 
the corrosion of stacked zinc or zinc-coated steel sheets by entrapped moisture. 

Table 1. EFFECT OF DISSOLVED OXYGEN CONCENTRATION AND 
TEMPERATURE ON THE CORROSION RATE OF ZINC IN 
DISTILLED WATER* 

Material — hot-rolled high-grade zinc. 

Specimen size — 3.8 X 10 X 0.05 cm (1.5 X 4 X 0.021 in.). 

Surface preparation^ — degreased, cathodically electrocleaned, alkaline bath; brief dip in 25 vol. 

% H 2 SO 4 . 

Water — distilled laboratory supply. 

Volume — 500 ml in wide-mouthed Erlenmeyer flasks; duplicate specimens in each flask. 

Temperatures — Room, 40° C (104° F) and 65° C (149° F). 

Number of runs — two with duplicate specimens in each. 

Duration of test — 7 days. 

Specimen motion — none. 





Corrosion Ratef 



Aeration 

Tempera- 
ture, °C 

Run 1 

Run 2 

Average 



mdd 

ipy 

mdd 

ipy 

mdd 

ipy 

1. Water boiled — specimens inserted 
— flask sealed with latex casings 

Room 

6 

0.0012 

4 

0.0008 

5 

0.0010 

2. No aeration except through air-water 
interface 

Room 

10.6 

0.0021 

10.6 

0.0021 

10.5 

0.0021 

3. Slow bubbling of oxygen 

Room 

48 

0.0096 

39 

0.0076 

43 

0.0086 

2. Water boiled — specimens inserted 
— flask sealed with latex casings 

40 

12 

0.0024 

7 

0.0014 

9.4 

0.0019 

2. No aeration except through air-water 
interface 

40 

20 

0,0040 

17 

0.0034 

18.4 

0.0037 

3. Slow bubbling of oxygen 

40 

91.5 

0.0184 

45 

0.0091 

68.6 

0.0138 

1. Water boiled — specimens inserted 
— flask sealed with latex casings 

65 

16 

0.0032 

16.5 

0.0033 

16.5 

0.0033 

2. No aeration except through air-water 
interface 

05 

27 

0.0054 

41 

0.0083 

34 

0 0009 

3. Slow bubbling'of oxygen 

65 

61 

0.0123 

62,5 

0.0126 

; G2 

1 

0 0125 


* Unpublished data, The New Jersey Zinc Co. 

t Averages of two in eaclf run. Corrosion rate determined after chemical removal of corrosion products. 
All surfaces etched and finely pitted. 


Rapid replenishment of the oxygen supply at the corroding surface, which takes 
place when thin films of moisture condense on a zinc surface, has the usual acceler- 
ating effect on the corrosion rate. Both this and the stagnant water type of attack 
can be minimized by the use of chromate films (see p. 862). 

Aerated water usually contains carbon dioxide, as well as air, and may contain 
sulfur dioxide or even hydrogen sulfide. Carbon dioxide in the amounts normally 
encountered alters the corrosion product from zinc oxide or hydroxide to a basic 
carbonate of the formula 4Zn0'C02'4H20.3 The reaction takes place in' two stages, 

® E. A. Anderson and M. L. Fuller, Metals and Alloys, 10, 282-287 (1939). 
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the zinc oxide forming first and later reacting with the dissohed COj to form the 
basic salt Carbon dioxide increases the rate of corro'ion of zinc bj aerated water 
(Table 2> 

Dj««oh ed sullur dioxide also increases the corroeion rate It is probable (hat a basic 
sulfate forms b> a mecham m similar to that reported for carbon dioxide 


Table 2 THE EFFECT OF CARBON DIOXIDE ON THE CORROSION 
RATE OF2I\C IN RATER* 

Zinc compoBition — 0 003'’eSD 0007% Te OOI%Cd Pb-nil rolled 

Surface preparation — polished on emery paper (00) Hashed in 15% acetic acid nnsed in water 
rinsed in aleohoL 
R ater — ■ dutilled 
\ olume — 50 ml per sq cm of Zn. 

Temperature — room 
Suspension — glass hoots 

Duration of test — 24 hr (a few testa — 72 hr) 
nemoxal of corrosion products — 15% acetic arid. 


Test Condition 

Approximate 
'•pecimen Area 
« cm 

Corrosion 

Ilstet 

rndd I 

ipy 

D stilled water 

41 

63 

0 0124 

Distilled water with air bubbled through water 

40 

183 1 

0 03C8 

Distilled water with air washed in 7vOlf bubbled through water i 

22 

S3 

0 0066 

Condueimty water in acnosphere free from CO 

23 8 

10 

0 0033 


*Q D BeegoughandO F ffudson J Inti \ftlalt 31 37-210 (1910) 
t Atera^es of talues reported b> Beagough and liudaoa. 


Table 3 EFFECT OP TEMPERATURE ON THE CORROSION OF ZINC* 
Material — rolled high grade tine 

Specimen sue — 8 X 12 X 0070 cm <3 2 X 4 7 X 0 030 in.) 

Surface preparation — not know n 
TTater — distilled. 

^ olume — nearly lo him (4 gal) dupl cate specimens immersed. 

Duration of test — 15 days 

Aeration — unwashed air other details not given 

Specimen wotioa — S6 rpm on about 5 lO. radius specimens honrontal. 



Corrosc 

m Ratet 

Appearance of Corro«ion Product 

°C 

mdd 

ipy , 

20 

39 1 

0 00078 

Definitely griatinous — \ery adherent 

50 1 

13 7 1 

0 002S 

Slightly lets gelatiwiua — adherent 

5a 

76 2 

0 Ola 

Mostly granular — non adherent 

65 

677 

0 12 

Decidedly granular becoming flaky and compact — non adherent 

75 

460 

0 092 

Decidedly grantilar flaky and compact — non adherent 

9a 

oS 7 

0 012 

Compact dense ant) flaky — adherent 

lOO 

23 5 

0 0017 1 

\anesfromgraoi8b white toblack teryden«e resembling enamel — 
very adherent 


•G L. Cox Ind Eng CAcm 23 902 904 (1831) 

t Determined after retnoi al of corrosion ptoducta Average of two specimens ^ alues chosen from FiS 2 
of ongmal reference. 
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Effect of Temperature and pH 

The corrosion rate of zinc increases with increasing water temperature (Table 1). 
Sharp changes in rate are related to changes in the nature of the corrosion product 
film as the temperature rises (Table 3). At the higher temperatures, decreased oxygen 
solubility in the water becomes an important factor in decreasing the rate. 

The corrosion rate of zinc is high in acid and strongly alkaline solution^. The 
lowest corrosion rates are observed in weakly alkaline solutions (Table 4) in the 
pH range 7 to 12.5. The usefulness of zinc in handling water or aqueous solutions is 
greatest in this pH range. 

Table 4. EFFECT OF pH ON THE CORROSION OF ZINC BY WATER* 

Material — hot-rolled special high-grade zinc. 

Specimen size — not given. 

Surface preparation — pickled in 10% HCl; washed; polished lightly with very fine steel ^vool; 
rinsed in alcohol; dried. 

Water — ^ distilled; pH nearly 7. 

Volume — 4-iiter beaker nearly full; quadruplicate specimens in each beaker. 

Temperature — 30° ± 1° C. 

Duration of test — 5 to 30 days to give approximately same weight change in each test. 

Specimen motion — none, solution agitated with stirrer operated at 120 rpm. 

pH Control — by additions of HCI and NaOH. 

Aeration — CO 2 free air to saturate separate solution supply; new aerated solution supplied to 
corrosion vessel at 2 liters per hr. 


Corrosion Ratet 

Corrosion Film 

pH 

mdd 

ipy 

2.8 

958 

0.19 I 



3.5 

352 

0.071 


Acid film dissolving 

S 

137 

0.028 1 



7 

49 

0.0098J 

■ 


9 

20 

0.00401 

■ 


10.5 

10 

0.0020 


Stable film 

12 

4 

o.ooosj 

■ 

' 

13 

68 

0.014 1 

■ 

Dilute alkaline film dissolving 

13.5 

352 

0.071 J 

■ 


14 , 

342 

0.009 1 

■ 

' Strong alkaline film dissolving 

14.5 

313 

0.0G3 J 

■ 



*B. E. Roetheli, G. L. Cox, and W. B. Littreal, Metals and Alloys, 3, 73-76 (1932). 
t Average of four specimens; points chosen from Fig. 2 original reference, not all points taken; corrosion 
products removed mechanically. 


Natural Fresh Waters 

Natural fresh waters vary widely in composition and in corrosiveness to zinc. 
Oxygen and other gas content, hardness, pH, temperature, and other factors already 
discussed have definite influences on the corrosion of zinc. Hard waters which tend 
to deposit protective scale films on metal surfaces generally are less corrosive than 
soft waters. Typical data for a hard natural water and soft (distilled) water are listed 
in Table 5. , 

In closed hot water systems involving soft water, a highly localized pitting type 
of attack frequently takes place. This is much less likely to occur with hard waters. 
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Tabm: 5 THE CORHOSIOV OF VABIOUS GRADES OE ZINC IN RATER* 
Smet t 

Specimen s le — 2 5 X 5 0 X 0 13 cm (1 0 X 20 X 0 0^ in ) = 27 7 cm. 

Preparation of specimens — cleaned with ether and aleoboL 
Check gpecimecs — three tested m individual contamen 
Solution volume — GOO tnl in Erlenmejer flask. 

Test duration — 30 da} ■ 

Temperature — r jom 
Aeration — none 

Corrosion rritenon — change >n weigl t after ehenucal remov al of corrosion products 
Type of test — sin pie immers on in open container 


Grade of Zmef ^ 

j DisVitled \s ttter 

mdd 

IPT 

SpectroBCopictlly pure rolled 



High grade rolled 

11 


Braaa epeciaf rolled 

10 

0 0020 

Elected rolled 

■ 0 

0 OD’O 


Smet 11 

Specimen sue — Id 3o aq cm surface area (3 0 sq in ) 

Preparation of specimena — degreased m tnchlori>eth})ene 

Cheek specimens — one 

Solution ♦oJume— ICO ftiL 

\11 other lest cond lions same as in ^nes 1 



1 Diaiillrd tv Atrr i 

1 Tap n atert 

Grade of Ziaet 





tedd 

»py 

1 mdd 

ipy 

High-grade rolled 

27 

0 00>t 

3 

0 0007 

Die cut Alloy \\t 

23 

0 00o7 

11 

0 0023 


* tfnpubluhed data the Neu Jersey Zioc Co 
t A S T M designation. 

I Temporar) hardness of 41 ppni. Pemianent hardness of 6G ppm 


The widespread u«e of gah anizcd pipe in the handling of icater supplies funu hes a 
background of sertice data from which the probable service behavior of other zinc 
materials raaj be estimated 

Data have been pubh'hed^ which indicate that the chlonnc additions usuallj made 
to Water supplies for health protection do not increase the rate of corro ion of zinc 
in Water 

Sea Water 

Refer to Behatior of Metals and Alloys tn Sea IVater, p 418, particularh Table 
19, p 417 

Dissolved Salts, Acids, axd Bases 

Solutions of acid or stronglj alkaline «alls are not normallj u=ed in contact with 
zinc because of rapid coiTo«iv e attack Zinu-coated steel is u ed in handling refriger- 
ating brines, which maj contain calcium chloride In such cases the corrosion rate is 

*E A Anderson C F Reinhard andtV D Hanmiet J Am Water Worl$ Aeioe 86 49-60 (1934) 
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Lept under control bj adding sufficient alkah to bring the pH into the mildlj 
range and b> the addition of suitable inhibitors such as sodium chromate 
The effect of neutral salts on the aqueous corrosion of zinc is dependent upon the 
concentration (Table 6) The rates gixen m the table are minima since the test was 
made under non aerated quie«cent conditions and the mechanical remoxal of the 
corro'ion product* prior to rexveighing xxaa probably incomplete 
Certain «alts «uch as the dichromates, borates, and silicates, act as inhibitors to 
the aqueous torro ion of zinc and frequently are added to clo«ed water sy “terns 
Inhibitixe chromate films, kcrxc the same piirpo«e where the water contact b 
occasional The u e of inhibitors is further duciisscd in Inhibitors and Passiiators 
p 905 

^QUEOLS) Solutions of Orgxmc Compodnds 
Liquid and mout food, tuffs represent a ‘'ub«tantial branch of the general field of 
water solutions of organic matenals It i recommended that the u.se of zinc in 
contact With *uch food tuff be axoidcd While authontws agree that zinc u not 
es-entiallx toxic to the human tem-» the «alu formed with ®trong acida are 
imtatmg Anx long contact of acidiootLtufI with zinc will produce «uSicient of such 
salts to C3U_c naiLca and general di comfort 

Effect or ^ ELOcm 

Zme IS not ordinarily used under conditions loxolxing impingement attack How 
cxer it <hould be noted that (ike the corrosion of many other metaL, the corronon 
of zme IS stimulated by rclatixc motion between the metal and the solution (Table 7) 

Table 7 EFFECTS OF \ERATION AND MOTION ON THE CORKOSION 
OF ZINC IN WATER- 
Material — bot rolled hieb'Krade zine 

Specimen aze — 2 o4 X S XO IZ7 em (I X 2 X 00,0 in.) in quadrupLeate. 

Epecuceo preparation — unknoa-n probabb naabed «ztb elber and akobol 
Xolume — Sobten e gbt rpeameos for IS ds>a four epeciirenz lut 15 da>A 
Temperature — '^1'’ Zo® C (6S® 77® F) 

Duration of test — lo and 30 da}'e. 

Specimen motion ^ C rpm around center at 4 in. radius plus 42 rpm independent rotation 
about epecimen ana 

Aeration — n-8 ml air per eec when used 
Corroejoo products recroi ed cbcoi caHj at end of test. 


T>-pe Test i 

1 CbiTOeion Ratet 

1 Distilled Water 

1 3 NaCl Solution 

1 Jo Days 

1 30D»,s j 

1 lo Days j 

1 30 Dai'S 

cidd ^ 

jpy 

mdd 

w 

mdd 

'PJ 

1 mdd 

jpy 

bo aeration no rotation 

24 8 

0 OOjO 

24 0 

0 OOfS 

20 2 

0 OCMl 

2o 9 

0 00o2 

bo aeration rotation 

40 4 

0 0093 

32 1 

0 0004 

70 2 

0 0141 

47 0 

0 0034 

Aeration no rotation 

37 5 

0 007o 

24 9 

0 0000 

24 7 

0 OOoO 

22 9 

0 0045 

Aeration rotation 

37 6 

0 OCTo 

23 7 

0 OOlS 

37 6 

0 0070 

43 8 

0 OOSS 


* Unpublished data the New Jersey Zme Cou 
t A>crage of four specimens. 


* P Dnnker / Ind Us^pene 4 177 Wt <1922) 
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Effects of Galvanic Coupling 

Zinc is anodic to practically all commercial metals and would be expected, in 
theory, to protect these metals at the expense of increased zinc corrosion. Few data 
on the practical realization of this possibility are available. Die-cast zinc alloy car- 
buretors are fitted with brass inserts, which cause no practical trouble even when 
water is present. In this case the cathode surface is small and the anode surface large. 
The use of small zinc or zinc-coated parts in contact with large areas of strongly 
electropositive (noble) metals is undesirable in most cases. 

Zinc is widely used in the galvanic protection of steel in the form of zinc coatings 
and of zinc plates bolted to ship hulls. The protection is generally quite good and is 
obtained with relatively little expenditure of zinc. The amount of zinc corroded is 
usually equal to or greater than the sum of the losses which would occur from the 
zinc and the iron in the uncoupled state, depending upon the environment and the 
galvanic current density on the zinc. 

Effect of Stress and Vibration 

Stress and vibration effects may be classified as stress corrosion cracking, corrosion 
fatigue, and the acceleration of general corrosion by stress. None of these appears 
to function in zinc materials under normal conditions. It is possible that the inter- 
crystalline corrosion noted in the impure zinc die casting alloys used many years ago 
was of a stress corrosion cracking type, although this was never demonstrated. The 
question is of academic importance only since the modern zinc die casting alloys® 
are free from this type of failure.'^ 

Metallurgical Factors 

The corrosion rate of zinc is not largely altered by variations in composition (Table 
5) . As stated earlier, the known behavior of one type of zinc may be used as a guide 
to the probable service behavior of other forms of zinc. Mechanical working has 
relatively little effect, largely because zinc materials are not capable of absorbing 
large amounts of cold work. In the case of the A. S.T. M. die casting alloys, the 
presence of more than the limiting lead, tin, and cadmium contents or the omission 
of the specified magnesium content® causes serious increases in the corrosion of these 
alloys, particularly in steam and hot water. 


NON-AQUEOUS MEDIA * 

Liquids 

I Zinc may safely be used in contact with many organic liquids provided they are 
nearly neutral in pH and are substantially free from water. The uses of glycerin in 
die-cast zinc alloy door checks and inhibited trichloroethylene in steel-coated tanks 
are common. Zinc-coated steel and zinc alloy die castings are used in the handling of 
gasoline. 

Anhydrous methyl chloride is reported to cause appreciable corrosion of zinc.® 

When free water is present, rapid local corrosion frequently results. In addition, zinc 
tends to catalyze the decomposition of materials such as trichloroethylene in the 

® For CQmposition8„Bee A. S. T. M. Standards, 1943 Supplement, Part 1, Specification B86-43. 

^ A. C. Street, Metal Industry (London), 60, 600 (1937). 

^ A. S. T. M. Standards, 1943 Supplement, Part 1, Specification B8G-43. 

° K. Willson, W. Walker, W. Rinelli, and C. Mara, Ind. Eng. Chem., News Edition, 21, 1254 (1943). 
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presence of water with resultant aeid attack Some organic substanca<? such as low 
grade gljcenn tend to attack 2 inc because they contain acid impurities 

Gases 

In the absence of water zinc may be used frceli in contact with most common 
gases at normal temperatures Eleiatcd temperatures arc not normallj encountered 
becau.«e of file low etnicfura! ‘Strength of ztnc at high tempentures Moisture content 
tends to stimulate attack un!e«s as in the case of illuminating gas a tar film forms, 
which IS mcLhanicallj protects e 

PROTECTIVE MEASURES 

The protoctixe measures emplojcil with zinc are comparable to those commonli 
Uicd with other metals and consist of mechantcnl shielding with protpctixe coatings 
the adjustment of the colution to a composition and pH most suitable for zme and 
the 0.6 of soluble inhibitors or inhibttnc films 
Protection max be obtained with point films and elcctrodepositcd mclal coalmgi 
Satisfactory adhc ion of paint films is secured b> the ttsc of phosphate pretreatments 
of the zinc surface or by the use of zinc dust pnraers The fini«h coating should of 
cour'e be capable of xnthstandmg attack by the solutions to be encountered 
Metallic coating- generallx mil be cathodic to 2 mc and hence mu«t be applied la 
sufficient thickness (at least 1 mil) to present ficxcre galxanic attack on the zinc 
at pores m the coating Copper and nickel are mo«l commonly u. ed but chromium 
coatings if at least Oj2 mil m thickne<^ haxe a limited field 
It IS far more common practice to control the corrosion of zinc in wafer by adjust 
mg the XTiter compo ition and pR and by adding tnhthxloTS The practice “elected 
must take the conditions of u-e into consideration In closed water systems soluble 
inhibitors may be employed to adxantage In open n<tcms the regulation of condi 
tions IS more difficult 

A xarietx of inorganic inhibitors is axailable for with zinc including sodium 
dichromate borax “odium silicate and sodiuni hexametaphosphate Al»o axailable 
are a number of ad orptix e-ty pe organic compounds such U'j lanolin which largely 
function as mechanical oxtlu ion film® (Refer to Temporary Corrotxon Prcicnfiie 
Coalings p 016 ) For mast purpa es the adjustment of the pH to the mildlx alkaline 
range and the addition of sodium dichromate is preferred The dichromate is uniallj 
neutralized to the chromate state The coDccntrations for most effectixe use haxe 
been studied (Table 8) Many authors warn agmiist the danger of intensified pitting 
when an in-ufficient amount of inhibitor of this type m added 
In automobile ndiator systems zinc may come in contact with hot water contain 
mg alcohol ethx lene gly col glycenn etc, together in most ca«es with quantities of 
iron rust Sati factory inhibition of the resultant corro'ion has been achiexed with 
the XLe of borax and lanolin in patented proprietary anti freeze mixtures 

In open systems “uch as commumty water supplies there is only limited oppor 
tunity to alter conditions to suit a gixen metal These opportunities are still further 
restricted by the fact that conditions moat smtable for one metal may be uasati'fac 
tory for another metal u ed m the same ‘^stem Howexer, by proper control of water 
composition pH and hardness fbe formation pf protectixe scales on metal surfaces 
may be facilitated with the result that all metals in the circuit are protected 
One interesting procedure mx olx es the addition of x ery small quantities of sodium 
hexametapho-phate The'e addition are made pnmanlv to control scale formation 
B natch and O Rice Ind Eng Chgnt 3t loT2 lo79 (1910) 
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.. 
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0 0 Ci 05 
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0 0 0 d 0 d 
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* B. E. Eoetheli and G. L. Cox, Ind. Eng. Chem., 23 , 1084-1090 ( 1931 ). 

t Neutralized to sodium chromate; weight % as Na 2 Cr 207 * 2 H 20 . X Failed by complete perforation before end of test period. § Severe pitting. 

II 14 -day tests. If Negligible pitting. ** No test. tt No data. 
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but eeem capable of inhibiting the corro«ion of zinc (Table 9), when used above a 
threshold concentration 

Chromate produced on zme surfaces (p SC2) ate used to a considerable extent 
where accidental or limited contact with water is expected They have been used 
'■ucce'-fully in prc\cnting white conor-ion product formation in water pa^-ed through 
zinc-coated steel cooler heads 

Tasi-e 9 EFFECT OF SODIUM HEXAMETAPHOSPHATE OX TUB 
CORROSION OF ZINC COATINGS BY TAP WATER* 

Matenal — hand hot-dip zine-coal«() with hiRb-zrade zioe after fiittmg cpecunens 

Sue — 7 0 X 127 XOOOem (3 X5 XOOaSin.) 

T\ ater \oIume — ■ SOO mL 

Water temperature — 6o“-68® C (149® 151® F) (cooled to room temperature o\er weeteDda) 

W ater changes — twice weeLly CTaporation loe«ea made up with disliUed water as heeded. 

Solutions — tap water (soft) with and without aodium heiametaphoephate additioos of 5 and 10 ppm. 

Failure cnlenon — rusting of eteel base 


Sodium 

1 Tuoe la Db} a to 







phosphate ppm 

1 Fmt Rust 1 

o-lO*', Rust 

10-20‘"c Rwt 

20-o0'o Rust 

|oTer50'=*eRust 

0 


37-CI 

47-C6 



6 


33-83 

61-89 



JO 


292 

355 




■ Unpublubed data, Tb« Sew Jersey Zinc Co 
t Teat discontmueA 


SOIL CORROSION’ 

Refer to Corrosion by Sods p 4SI, e-pccnlh Table 10 p 460 Data on corrosion 
rates of zinc coatings are given in Tables 11 and 12, pp 461 and 462 

ATMOSPHERIC CORROSION 

Manj data arc available from a vanetj of sources on the corro-ion of zinc and its 
allots m tbe atmo-phere Onlj tho>c data are included here which are based on weight 
changes after complete removal of adhering corro loa products 

The overall data «\ipport the conclu'tion that zme corrodes slowlv and uniformlj 
in normal atmospheres at a rate detenniaed b> the factors to be discussed below. 
Deep pitting is not ob'erv ed m 8 “ignificanl number of cases 

Indoor Exposure 

Indoor exposures ma> be classified into three groups (1) simple exposure in 
normal room atmo^herra at moderate relative humidities, (2) exposure in normal 
room atmospheres under conditions conducive to condensation and slow drjmg, and 
(3) expo'ure to indoor mdmtnal atmo-pheres which may at times be verj corrosive 

In normal indoor atmo'phercs, zinc corrodes vcr>’ little Generall> a visible tarm-h 
film forms slowlj , startmg at spots where dust particles hav e fallen on the surface 
Ov er a penod of time such films grow slowlj until the surface has lost much of its 
onginal luster The appearance of the reaction film and the degree of corrosiv e attack 
are related to the relativ e humidity Increasing humidity m sheltered exposures has 

^ Uopubluhed dAta Tbe New Jersey Zioe Company 
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'' Outdoor Exposure ^ 

Outdoor exposures may be duided into two class-ca (1) eomplelely expo, ed, and 
(2) exposed to the atmo phere but ebeltered from direct contact with rain The 
sheltered exposures are free from the leadimg-washing action of rain but are likely 
to dry more slowlj after they ha\e been wet xsith condensed moisture 
The rate at which zme corrodes outdoors js controlled primarily by three factors 
(1) the frequency and duration of moisture contact, (2) the extent of indusJna! 
pollution of tho atmosphere, and (3) the rate of drying The worst conditions iniolie 
frequent wetting of the metal with dews and fogs in industrial atmo pheres where the 
condeixed moisture is distinctly acid In such cases, the metal la attacked by the 
acid moisture and tho formation of the partially protective basic corrosion product 
film la hindered 

The effect of rainfall alone is le«s pronounced «nce such water is not uaually acid 
Rainfall may at times he somewhat beneficial bccau c it washes away coircMon 
accelerants such as chlorides at seacovl location**, and acid dust particles at industrial 
locations 

The rate of drying js important becau«c thin highlv aerated moisture films promote 
corrosion Sheltered locations where drying may be «low might bo expected to ®how 
such eficet* Hud on^^ ha* roporteil data for sheltered ami unsheltered exposures m 
the same locations Although he u«ed two different criteria for determining the cor 
rosion rate the data indicate (hat (he corro ion rate m the sheltered exposures is 
roughly half that in the unsheltcrevl 

Tubls 11 THE CORROSION RATE OF ZINC IN VARIOUS ATMOSPHERES* 
Speein3«o«i*e — rolled m«tat 102 X 15 2 XOOr.l cm (4 X 6 X0024 in ) 

Di« ease meiaJ 7 0 X 15 2 X 032 m <3 X C X 0 :2> in.) 

Mounting of ipocimens — vertically lij in apart on Ralcehle rods through thrra M m. diameter 
hole* in each epecinien in the form of a triangle 
Specimen preparation — numbered aaahed uitb ether and alcohol before «eigbmg 
C^eck epecimena — duplicate* expoeed value* given are averages 

Test racks — woodeii with woodsupporls for rods epaced 12 tn for two parallel rows of epecitnens 
3 o in long Painted 
Test duration — 10 years 

Corroeioo entenon — • weight change after chemical removal of corrosion producta 
Removal of corrogion producta — 10 min in 10*® NII 4 CI eoluiion at SS* ± 1® C 30 mm on epeci 
mens from eeac last locations Control epecin ens were used and correction which was smvU 
w as made. 



■ J C Hudson Tran$ Faradaj See 25 177— 2M (1929) 
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Types of Atmospheres Some data on a number of tjpical locations have been 
compiled in Table 11 

Very useful information has been obtained by Sub-committce VI of Committee 
B-3 A S T M at seven exposure locations selected to cover definite types of 
atnio pheres Tabic 12 compiles the corrosion rates for three grades of rolled zinc 
obtained by this committee 

B3 far the most rapid corro ion lias taken place at the industrial locations Altoona 
Pennsjlvania and Isew ^ork City The scacoast locations show a much smaller rate 
of attack while in the pure dry atmosphere of Phoenix the attack over the entire 
10 year exposure period was almost negligible 

An important factor involved in scacoast txpomres appears in the data for the Ivey 
\\ est exposures m Tables 11 and 12 It vnll be noted that rolled high grade zinc has a 
corrosion rate of 0 094 mdd in Table 12 and 07 mdd m Table 11 an eightfold d 5er 
ence The specimens for the teels in Table 11 were expo«ed near the Sand Key 
lighthou'e «Qme miles 'outhwe«t of Ivey West and showed definite evidence of con 
tact with wind borne «alt water The windward edges of the specimens were definitely 
more «everely corroded than the leeward edges In other tests definite indications 
were noted of abrasion by wind 1 omc «and It «eems probable that sharp differences 
exist m "seacoast exposures between lho«c immediately adjacent to the shore line 
and those which arc a reasonable dbtaoce inland 

Gal\amc Coupling 

The most complete publi«hcd work on the atmospheric corro«ioD of zme is contact 
with other metals is that of Subcommittee Mil of Committee B-3 A S T M** 
The following conclu«ions may be drawn from this work 

1 Contact w ith aluminum copper iron lead nickel and tin results in increased 
corrosion of zme 

2 The extent of iQcroa«e in attack b 6urpn«iQg1y small (usually less than two and 
not over three times the normal rale in the more corrosive atmo-pheres) and does 
not parallel the order of the metaL m the electromotive senes 

3 With the exception of lead all the roetab received substantial to complete 
protection when in contact with zinc 

In the A S T NI te«t« at lca«t partially successful efforts were made to insure 
metallic contact m the couples Frequently such perfection is not obtained in com 
mercial parts and anticipated possible galvanic attack does not occur As in the ca'e 
of aqueous corro ion small zinc areas in contact with large areas of electropositive 
(more cathodic) metals should be avoided Small areas of other metals in contact 
with large areas of zinc are relatively s^fe as shovm by the use of aluminum and of 
tin coated steel riv ets in the fabrication of corrugated sheet zme roofs 

Eftect of Stress axd Vibration 

Ivo cases are known where stre«s and vibration have clearly influenced the atmo 
phene corrosion of zinc However zme is not normally used under conditions 
involving heavy stresses The degree of cold working m rolled zinc has only a very 
minor effect on the corro'ion rate 

Mettallurgical Factors 

The rate of attack on zinc m the atmosphere is not markedly influenced by com 
position (Table 11) Hud on'S and others have offered similar observations 

^'Ptoc Am Soe Ttil ng Materudi 39 247 25o (1939) 

^ J C Hudson Trant Faraday Soe S5 177 252 (1929) 
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Protective Meas.ures for Atmospheric Exposdrb 

Most zinc exposed to the atmosphere is used without protection. Paint films and 
electrodeposited coatings, used at times for decorative purposes, exert definite pro- 
tection if prdperly applied. The procedures and limitations discussed under “Protec- 
tive Measures” (p. 340) apply in the case of atmospheric exposure. Inhibitive 
chromate films have not shown large advantages for the prevention of atmospheric 
corrosion over any substantial period of time. 


ZIRCONIUM* 

Ductile zirconium was first produced in 1926 by J. H. deBoer and J. D. Fast, who 
discovered that the iodides of zirconium could be decomposed in vacuum on an 
incandescent filament. Metal deposited in this manner was quite soft and sufiiciently 

Table 1. EFFECT OF COMMON AGENTS ON DUCTILE ZIRCONIUM 

Size of apecimen — 6.2 X 1.3 X 0.13 mm (2.5 X 0.5 X 0.005 in,). 

Surface preparation — degreased. 


Temperalure — Boiling Water Bath, 100® C (212® F) 


Agent 

Concentration 

Time, days 

Corrosion rate, ipy 

HiSOi 

10 % 

14 

0.0007 

HCl 

Cone. 

14 

0.0002 

HCl 

5% 

14 

^ No attack* 

HNOj 

Cone. 

14 

0.00005 

HNOj 

10% 

14 

0.00003 

H 3 PO, 

10% 

14 

0.00005 

Citric acid 

10% 

14 

0.00002 

Oxalic acid 

10% 

14 

0.00004 

NaOH 

10% 

14 

0.00002 

NaOH 

S0% ' 

4 

0.00017 

KOH 

10% 

14 

No attack * 

NH.OH 

28% 

14 

Gained weight 

HgCb 

Sat. Boln. 

14 

No attack * 

NaCl 

20% 

5 

Slight tarnish 


Temperature — 

Environment 


HF 1 

, All dilutions 

1 

Rapid attack 

HsSiFe 

1 Cone. 

• . . 

Rapid attack 

AgNOs 

0 . 8 % 

3 

No attack * 

aso. 

10 % 

14 

0.0002 

HCl 

Cono. 

14 

0.0001 

HCl 

5% 

14 

No attack • 

HNOj 

Cone. 

14 

0.00001 

HNOj 

10 % 

14 

0.00001 

HjPOj 

Cone. 

14 

0.00004 

HjPOj 

10% 

14 

0.00002 

Citric acid 

10% 

14 

No attack * 

Oxalic acid 

10% 

14 

No attack * 

NaOH 

10% 

14 

No attack * 

KOH 

10% 

14 

0.00002 

NH 4 OH 

28% 

14 

0.00003 

NaP 

10% 

14 

0.0003 

I 2 in KI 

0.1% 

14 

No attack * 

Atmosphere 

... 

Years 

No attack • 


* No attack = loss less than 0.1 mg. 


Research Laboratory, Foote Mineral Co., Philadelphia, Pa. 
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ductile to Withstand severe cold dcfonnation The ductile metal has only recently 
become available m this country m quantities sufficient for the precise determination 
of lb^ corrcK-ion lo istant piopertica* 

It lo considered that an m\ loiblc film of oxide is formed on the surface of zirconium 
which governs its behavior toward corro'ion Although the metal is practically inert 
at tempeiatiircs up to 200“ C (390* D very thin filaments will bum in air and the 
metal combines with nitrogen and chlorine at a dull red heat Nevertheless, except 
for HF and hot concentrated II 2 SO 4 and its acid resistance is very good 

Zirconium is aFo resistant to strong alkalies and molten caustic 

The effects of some of the common coriosivt. media are listed m the table on p 347 


NON-METALLIC MATERIALS AND SEMI-METALS 
Introduction 

Non mctilhc materials may delenorato in vaiious wijs and manner®, but not bj 
corrosion Only metals corrode according to the accepted definition of corrosion u ed 
in this book (See the Glossary ) Tlie mechani'-m of deterioration of the two clashes 
of materials serves to di«tiDgui'h llie corrosion reaction of inetal>, largely electro* 
chemical in character from the physical and sometimes clcmical processes that 
attend degradation of non metals However the practical u.efulnesa of many non 
metals and the potential U'os of semi metals (eg silicon and boron) m corrosive 
environments have dictated inclusion of this «cction discussing their properties 

Id considering (he service of non metallic materials in corro ive environments a 
somewhat different concept from that applied to metals mu®t be adopted ^\eight 
loss or penetration per unit of time can be used as a criterion to a limited extent in 
judging carbon and graphite ceramics and gh*® but to even a lesser degree in con 
sidering plastics Pitting likewise is not a good me isurc In general, the be«t criterion 
IS a measure of the change m physical or mechanical properties resulting from contact 
with a given environment 

The failure of a non metallic material may occur by swelling by the leaching out 
of binder or matrix bv failure of cements that are u^ed to bond parts together, bv 
absorption of lifpiKl' by soffrnmg m the ca c of eJeialed temperatures by dcvitrifica 
tion in the case of glass or ceramics and in other ways Indication of attack in any 
of the ways mentioned within a prc«cribed lime limit is usually evidence that the 
material is not suited to the application in question 
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at temperatures under 1400° C (2550 F°) are defined as carbon; those produced at 
temperatures sufificiently elevated (over 2000° C [3600° F]) to develop a crystalline 
structure are defined as graphite. Karbate materials are carbon or graphite impre'g- 
nated with resin which is then polymerized in the pores so that natural permeability 
is essentially eliminated. _ ^ 

Carbon and electric furnace graphite differ to some extent in their resistance to 
some media. Concentrated sulfuric acid, bromine, and fluorine, for example, have little 
or no effect on carbon but disintegrate graphite quite rapidly. Neither material is 
affected by ordinary atmospheric exposure. 

Carbon, graphite, and the impregnated materials satisfactorily resist most mineral 
and organic acids, aqueous solutions of alkalies, salts and organic compounds, and 
organic solvents at temperatures up to the boiling points. 

The types of corrosive agents which both carbon and graphite do not resist are 
the strong oxidizing agents. Even in some cases of this kind, however, they may be 
found to be more serviceable than other materials. For example, in nitric acid pickling 
baths, carbon brick has given satisfactory service as a lining material for periods of 
more than ten years. 

Available Forms 

Carbon, graphite, and the impregnated materials* are produced in a variety of 
foims — cylindrical, rectangular, and tubular. In size they vary from small rods ^G jo- 
in diameter to cylinders 40 in. in diameter, rectangles % in. square to blocks 
24 X 30 X 180 in. and cylindrical tubes of % to 10 in. inside diameter. Graphite, 
being relatively soft, can be shaped on woodworking machines, whereas carbon, being 
somewhat abrasive, is worked with ordinary machine shop equipment. 

Porosity 

The porosity of carbon and graphite notmally varies between 18 and 32%, depend- 
ing on the type and grade of material and size. The pores in the standard materials 
vary in size and are not regularly connected, so they are seldom usable for filtration 
and aeration purposes. 

Special porous carbon and graphite are available in cylinders and plates in which 
the size of the pores is well controlled and the pores interconnected, so that the 
materials are satisfactory for filtration, diffusion, and aeration. The porosity of the 
special materials is about 48%, with a wide range of controlled permeabilities many 
times those of the regular carbon and graphite. (See Table 1.) 

Purity 

The purity of electric furnace graphite is high, usually better than 99% carbon. 
Specially processed graphite for spectroscopic electrodes is made containing less than 
0.000075% ash. Carbon products are less pure, dependent on the prospective use. 
Carbon blocks for furnace liners run about 90% carbon, electrodes for electric furnaces 
93% carbon, and carbon plates, electrodes, tubes, etc., primarily designed to be 
graphitized but frequently used for a variety of other purposes, are 98% carbon or 
higher. SiC, Si02, FeoOs, and AI 2 O 3 make up 75 to 80% of the ash for the latter 
tnaterials. 


Karbate. 
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{(®r) ■■ [K + 00039I(®F)J X 10~* Coefficient of thermal ezpaoaioa /®C to temperature ((®C) =( 18 /C + 
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Eesistance to Thermal Shock 

Both carbon and gi-aphite are so highly resistant to thermal shock that most forms 
may be heated repeatedly to incandescence and plunged into ice water without causing 
fracture or spalling. They are unaffected physically by temperatures normally 
encountered in commercial operations and may be used safely so far as temperature 
is concerned up to 2000° C (3600° F). 

Miscellaneous Properties 

The thermal conductivity of graphite is high — 0.31 to 0.41 gram-cal/ (sec) (sq cm) 
(°C/cm); (75-99 Btu/(hr) (sq ft) (°F/ft) — at normal temperatures, several times 
that of corrosion-resistant metals. Carbon, on the other hand, has relatively low 
thermal conductivity, namely, 0.012-0.025 gram-cal/(sec) (sq cm) (°C/cm); (3-6 
Btu/(hr) (sq ft) (°F/ft). The thermal conductivity of carbon increases with increas- 
ing temperature, whereas that of graphite decreases. 

The behavior of carbon and graphite is different from that of metals as their elastic 
and ultimate limits are closer together than for most metals, they are not as strong, 
and they are more susceptible to damage by impact. With proper design they can 
give satisfactory service in the chemical industries. Neither material exhibits any 
evidence of cold flow. The impregnated materials have up to twice the strength 
of regular carbon and graphite. (See Table 2.) 

Both carbon and graphite are electrical conductors, although their specific resistances 
are high compared to the metals. The specific resistance of graphite at room tem- 
perature is approximately 0.0009 ohm-cm (0.00035 ohm-in.) or 900 microhm-cm (350 
microhm-in.). For carbon the corresponding figures are approximately 0.0038 ohjn-cm 
(0.0015 ohm-in.) and 3800 microhm-cm (1500 microhm-in.). The specific resistances 
of carbon and graphite increase with the size of the stock considered and are affected 
differently by temperature changes. (See Table 2.) 

Carbon and gi-aphite are used in innumerable ways. In the concentration of sulfuric 
acid by the Cottrell Process complete tower structures as large as 15 X 15 X 27 ft 
are made of carbon. The floor, walls, roof, inlet and outlet tubes, and tube supports 
and even the power lead-ins are of carbon in one form or another. 

Impregnated Carbon and Graphite 

/ 

The impregnated materials have all the normal characteristics of the carbon or 
graphite from which they are made, and are stronger and more impervious to gases 
and liquids under pressure. They are used in the form of tubes for conveying corrosive 
liquids and gases and are used in heat interchange operations where high thermal 
conductivity is an important consideration. Plates, blocks, and tubes are often 
machined and cemented together for special equipment. Because of the impregnants 
used to make the carbon or graphite impervious, these materials should not be used 
at temperatures above 170° C (340° F) . 

These materials are not attacked by hydrochloric acid of any concentration or 
temperature. They are unaffected by sulfuric acid up to 96%, and by phosphoric acid 
or by hydrofluoric acid up to 60%. 
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(A +0 0030IO’F)lnr» To temperature I 'C - (I 8K + 0 007/("C)51(rL 
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Chemical Stoneware 

James A. Lee* 

Chemical stoneware is a generic term for ceramic equipment produced from 
carefully selected and processed clays that differs from earthenware in its compara- 
tively higher physical strength, resistance to thermal shock, and resistance to attack 
by chemicals in general, except hydrofluoric acid and strong caustic alkalies. It is 
manufactured from mixtures of clays and other crystalline or amorphous materials, 
either natural or artificially prepared in the electric furnace. These materials are 
carefully beneficiated to remove undesirable impurities and blended with water to 
form a plastic, workable mass. 

Jiggering, casting, and extruding are the methods most commonly employed in its 
manufacture, although all ,of the forming methods common to the ceramic industry 
may be used. After forming, the ware is carefully dried to eliminate mechanically held 
water and then subjected to a cycle of heat treatment which is rigidly controlled to 
develop the desired pyrochemical reactions. During this firing operation, salt is intro- 
duced into the kiln to form the glaze on the body. As chemical stoneware has a very 
dense body, the glaze is unnecessary except to present an attractive appearance. In 
many instances unglazed ware is used. 

Because of high shrinkage during the drying and firing operations, dimensional 
accuracy greater than plus or minus 2% cannot be readily obtained except by 
machining the fired material. This is accomplished by utilizing precision grinding 
methods, using silicon carbide or diamond abrasives. 

Table 1. PHYSICAL PROPERTIES OF CHEMICAL STONEWARE* 


This table, prepared by the General Ceramics Co., gives the physical properties of an average grade of 
chemical stoneware. It should be emphasized here that “chemical stoneware” is not the name of a definite 
material, such as an alloy, but a generic term applied to a wide variety of ceramic compositions, and hence 
that in any particular composition designed to give optimum properties in one respect, it w’ill ordinarily 
be impossible to secure optimum properties in all other respects. 


Specific gravity 2 . 2 

Hardness, scleroscope 100 

Ultimate tensile strength, psi 2,000-3,000 

Ultimate compressive strength, psi 80,000 

Modulus of rupture, psi 5,000-13,000 


Modulus of elasticity, psi 8,000,000 

Specific heat 0.2 

Thermal cond., Btu/ (hrXsq ft)(®F/ft) 0.8-2 9 
Linear thermal expansion, per ®F 0 0000020 

Water absorption, % 0-2 


* Copyrighted, Chemical and Metallurgical Engtneenno. 

i 

I 

Since most of the inorganic non-metallic minerals can be incorporated in chemical 
stoneware compositions, an endless variation of bodies is .possible so that the 
physical and chemical properties of the product can be varied within wide limits. 
Table 1 lists physical properties of a typical stoneware body. It must be remembered 
that while these values give an indication of what can be expected from the average 
body, they will vary for bodies manufactured for a specific purpose. Although low 
resistance to thermal shock is considered an inherent weakness of chemical stoneware, 
special bodies containing up to 40% of carborundum have a high resistance to thermal 
shock, with accompanying variations in the other physical properties. The latter is - 
an example of a body fabricated for a particular purpose. 

Larger shapes are more prone to fail under elevated temperature conditions than 

• Chemical and Metallurgical Engineering, McGraw-Hill Publishing Co., Inc., New Yorkl N. Y. 
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smaller ones and for that rea«on a multiplicity of units should be u ed wheneier 
po'sble Maximum operating temperatures for standard chemical stonei\are bodies 
range from SO® C (170® F) for «mall shapes not larger than 18 in diameter to 55® C 
(130® F) for large •shapes such as tower sections and %es.ei» up to 60 m diameter 
The abo\e limitations of temperature will depend upon such design considerations 
as gradual changes of direction reinforcing fillets and avoidance of thick sections 

Mechanical equipment such as pumps and blowers are encaecd m cast iron armor 
to provide resistance to mechanical stresses and shock Piping and valves used under 
stringent conditions are al o armored Installations of this type provide the chem 
icall> inert properties of chemical stoneware with the strength of metals and are ideal 
for the most drastic corrosive condiijons 

Chemical stoneware bj the nature of its ph>sical properties and methods of 
manufacture lenda it«elf to the fabrication of almost all tJTPs of chemical equipment 
such as processing and storage \es«els piping and heating coils pumps and blowers 
and reaction and ab orption towers Installations are limited usually b> the size of 
the individual piece and the thermal conditions at wluch it is to operate 


Glass and Vitreous Silica 

James A Lee* 

CL.\S3 

Resistance to practicallj all corro«ive agents except hjdrofluonc acid (and the 
caustic alkalies under some circumstances) combined with ease of fabncation into 
almost an> de ircd form makea glass suitable for mao> applications It is u«ed for 
stilL ab orbers and columns tanks pump& industrial piping and fittings heat 

exchangers filter blankets and a varictj of other industrial equipment 


Table 1 COMPOSITION OF COMMERCIAL OI-VSSES* 


Type of Glass 

Lome Glass (or 
Kate 

1 Soft Lead 

; Class 

Borosil cate 1 

ne'e S Lea 

Glass 

Constituent 

1 Amount of Constituent Wt. % 

SOi 

"0 Vo 7o 

1 savors 1 

75VO&2 i 

Qd Q 

NaiO 

12 to 14 

5 

3 to 10 


KiO 


7to8 

0 4 


CaO 

13 to 14 

0 to 6 



PbO 1 



0 to 10 


BsO, 1 


1 25 to 30 

5to20 

3 0 

AljOj j 

0 5 to 1 £ 


2 2 



• Courtesy of Coming Glass Works. 


It is general practcp m the gla s industo to control the phjsical constants of the 
product rather than the chemical composition Although control of phv'ical constants 
results m fairlj e control of chemical composition no great amount of data are 
av ailable relating 'he two In Table 1 the range of composition of four common 
of commeicial glas^s are shown 
Borosilicate glass r^^ists solution bj aqueous media m 

* Chemical and iJelaUuTifical Enoxnemng MeGraw HiU Publishing Co Inc New York N Y 


general with the ouLtanding 




NON-METALLIC MATERIALS AND SEMI-METALS 


355 


exception of hydrofluoric acid. Data of Tables 2 and 3 indicate very low rates of 
solution in boiling hydrochloric acid (0.45 mdd) and approximately 2000 times this 


Table 2. COMPARATIVE RESISTANCE OF CERTAIN GLASSES TO 
AQUEOUS SOLUTIONS AND STEAM* 


1 

Borosilicate 

Glasst 

96% Silica 
Glasst 

Alkali-Resistant 

Glass 

Reagent 

Time (Hours) 

j Wt. Loss, mg/sq cm 

Steam (100 psi, gage press. ) 

96 

0.5 

0.1 

0.5 

l%NaOH, 100“ C (212“ F) 

6 



0.02 

5% NaOH, boiling 

6 

2.0 

1.5 

0.04 

5% NaOH, 100“ C (212“ F) 

6 

1.4 

0.9 


50% NaOH, 100“ C (212“ F) 

6 

2.7 


0.49 

jV/ 50 Na2C03, 100“ C (212“ F) 

6 

0.12 

0.07 


JV/50 Na 2 C 03 , boiling 

24 



0,01 

5% HCl, 100“ C (212“ F) 

24 

0.0045 

0.0005 

0.01 


* Courtesy of Corning Glass Works. 

t Verj" resistant to all acids except hydrofluoric and hot glacial phosphoric. Attacked at appreciable 
rates by steam and alkalies. However, the borosilicate glass is widely used as gage glasses for steam, and as' 
sight glasses for hot caustic solutions. 


Table 3. RESISTANCE OF A BOROSILICATE GLASS TO SODIUM 
HYDROXIDE SOLUTIONS. EFFECT OF CONCENTRATION AND 

TEMPERATURE* 


Concentration of NaOH, 
Wt. % 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Temperature 

Loss in Wt., mg/sq cm/hr 

°C 

°F 











40 

104 

0.0017 


0.0031 







0.0015 

51 

124 

0.0038 


0.0062 

0.0060 






0.0026 

65 

149 

0.014 


0.018 

ISM 


oRn 

uRm 


0.013 

0.013 

75 

167 

0.032 


0.045 




mRrI 

0.038 

inBKftl 

0.035 

100 

212 


mm 

0.36 

mi 

Sll 

0.47 

0.48 

0.48 

0.46 

0.45 


* Courtesy of Corning Glass Works. 


rate in boiling 5% NaOH. Steam at 100 psi measurably attacks the glass, but at a 
very low rate (12 mdd). The rate of attack by alkali appears to fall off with time 
(Table 4). 


Table 4. RESISTANCE OF A BOROSILICATE GLASS TO BOILING A/50 

Na2C03 SOLUTION* 

' Effect of Time on Rate of Attack 

Time of Exposure, hr Loss in Weight, mg/sg cm 
3 0.07 

6 0.12 

24 0.16 

• Courtesy of, Corning Glass Works. 


Physical properties of borosilicate glass^ are given in Table 5. The weight losses 
when held at various temperatures are given in Table 6. 
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Table 6. WEIGHT LOSS OF A BOROSILICATE GLASS HELD AT 
VARIOUS TEMPERATURES* 


Temperaiure 

JF/. Loss in 6 /ir 

“C 

“F 

mg/sg cm 

125 

257 

0.002 

150 

302 

0.010 

175 

347 

0.045 

200 

392 

0.12 

225 

437 

0.20 

250 

482 

0.27 


• Courtesy of Corning Glass Works. * 

Borosilicate glass tubing is available in sizes from % to MA in. O.D. and in lengths 
of 48 to 60 in. Flanged piping and fittings are available in sizes between 1 in. and 4 in. 
I.D. suitable for working pressures up to 100 psi. 

A glass which has been given a special heat treatment is available in the form of 
tanks in two tj'pes: (1) all-glass or transparent and (2) steel or wood shells lined 
with glass. Both types are shipped ready for service. In the case of tanks that are too 
large to be shipped complete, linings can be installed in tank shells at the job site. 
The heat treatment permits the glass to withstand instantaneous temperature shock 
of 225° C (400° F) and continuous working temperatures of 250° to 315° C (500° 
to 600° F). 

Fastenings are of non-corrosive metal, such as nickel alloys or stainless steel. Side 
walls are grooved to take gaskets which are impregnated glass cloth. Impregnated 
materials vary with the solution to be contained. 

Phosphorus Glass 

A new glass is available which offers major resistance to h 3 'drofiuoric acid. It 
contains no sand, and the principal ingredient is said to be phosphorus pentoxide. 
It is believed that this glass will perform satisfactorily in most applications, but users 
are cautioned that it is slowly attacked. The rate of attack by hj'drofluoric acid is 
much slower however than with silicate glasses and the glass retains its transparency. 
In one test a piece was immersed in a bath of acid for 500 hours. At the end of that 
time the glass was substantially transparent and to the naked eye showed no obvious 
attack. 


96% SILICA GLASS 

A 96% silica glass (remainder is mostly boric oxide) hafe been developed primarily 
for high-temperature applications. It has resistance to extremes of thermal shock 
and a high-temperature softening point, necessary for elevated-temperature applica- 
tions. It may be used continuously at temperatures as high as 900° C (1650° F), and 
for very short periods it may be used at temperatures approaching 1100° C"(2000° F). 
Physical properties are listed in Table -5. 

The 96% silica glass is extremely stable toward all acids except hydrofluoric, and 
even in this acid it is attacked considerably more slowly than are the conventional 
glasses. The rate in cold 60% hj’’drofiuoric acid is about one fifth as great as for 
borosilicate glass and still less when compared with lime glasses. It is also very 
stable toward water and all other neutral or acid solutions. Its durabilitj’’ is less 
marked in alkaline solutions, but even in such solutions it is generally superior to 
conventional chemical-resistant glasses. Values for rates of solution in alkalies. 
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hjdrochlonc acid and steam are listed m Table 2 In this connection it can be 
pointed out that because the glass contains only traces of elements other than silicon 
boron oxjgen and aluminum the contamination of solutions notably alkalies in 
contact with it will be extremely smalt For this reason the glass is particularly well 
adapted to ceitain high precision analytical work An example of this is its u^e in 
glass durability njcasuremcnts that jmolte the determination of alkali released by 
the sample 

The rate of deMtrification of 96% silica glass is xery low at temperatures below 
900" C (1650" ri hut becomes appreciable in the neighborhood of 1000" C (1830" F) 
Up to 1200® C (2200® D this devitrification rate is greater than that of fused sihca 
owing to the lower viscosity of the 96% silica glass Above 1200* C (2200* F) the rate 
falls progressively below that of fused silica and at no point does it reach the 
relatively rapid rates ob erved for the latter in the range 1300" to 1500* C (2375* to 
2730 D It IS accelerated by reducing gases alkalies, alkaline earths and certain 
other metallic oxides 

A number of standard shapes such as beakers flasks tubing rod containers trays 
and flat glass are available Special sliapcs made by conventional pres mg blowing 
or drawing can be obtained but in general wider dimensional tolerances are 
required than for products made from softer glasses 

VITREOUS SILICA 

All types of vntreous <tlica are equal in chemical resistance but are di tmgui-hed 
by thetr degree of transparency by the materials from which they are made and by 
their mechanical strength Except where tran«parency is needed the cheaper opaque 
fused silica which is made from a high grade of glass sand is generally satisfactory 
For special purposes demanding transparency such as sight gla. es and tubes or for 
the application of ultraviolet light (he more expensive material produced by the 
fusion of rock quarts is required Both products are generally similar m physical 
properties apart from the exceptions noted Both con«ist of equally pure silica (about 
99 S%) but (he f««ed quarts is stronger than the fu'ed silica m the ten«ile strength 
ratio of 1700 to 6000 titreous silica is suitable for operating temperatures to 1000® 
to 1100* C (1830® to 2010® F) m the absence of certain mineral salts and reducing gases 
which may accelerate breakdown due to dev itnfication Both qualities of quartz are 
characterized by low thermal expansion and high resistance to thermal shock 
Pby properlies sjp lifted on Table H 

Vitreous «ilica is so little affected by boiling water under normal pressures that it 
13 u^ed for the construction of stills for highest purity or conductivity water How 
ev er 'ohib lity of eiJica is appreciable at elevated temperatures and pressures so that 
silica gage gK cs hive been found unsuitable for ii'e with high pressure steam 
Volatility of eilica m superheated steam has been reported 

The mineral acids do not react with vatreous silica and are suitably contained in 
silica equipment Hy drofluoric acid is the outstanding exception Pho phone acid 
reacts w ith silica at elev ated temperatures but chemical action is only elight below 
2o0® C (480® D 

Alkalies are more reactiv c than adds Aqueous ammonia nev erthele^s can be 
distilled m silica equipment without fear of contamination 

Vitreous eilica is not attacked by the usual gases The exceptions are those con 
taming fluorine and phosphorus which may be quite reactiv e Vitreous silica though 
impermeable to most gases is appreciably permeable to helium and hydrogen at 
elevated temperatures 
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Among the important usesior fused silica are burners, combustion furnaces, S-bend 
coolers, and absorption vessels for HCl gas. The properties of impermeability, free- 
dom from iron, resistance to thermal shock, and inertness to HCl have made fused 
silica of practical importance in the production of hydrochloric acid. 

Opaque equipment has been produced in pieces up to 150-gal capacity, but a SO-gal 
vessel may be considered the largest practical size at the present time. Drawn tubes 
are obtainable in all sizes up to 4% in. internal diameter and lengths to 10 ft, and 
molded pipes are made in sizes of 2 to 30 in. internal diameter with lengths to 10 ft 
for not over 6-in. bore, and lesser lengths for larger bores. S-bends, elbows, and 
connecting pieces are made to fit such tubes and pipes. Tubes are produced by 
drawing from a larger diameter; pipes are made by -expanding from a smaller 
diameter in a temperature-resisting mold. Although the drawn material is usually 
considered more resistant to severe temperature changes, improvements in the 
molded product have made it equally suitable for severe service in many cases. 


Plastics 

James A. Lee* 

Plastics are organic materials which possess certain useful characteristics and 
advantages for structural design. They are derived from synthetic resins, natural 
resins, cellulose derivatives, coal tar, petroleum or protein substances, and are blended 
with fillers to produce molding compounds. 

The data in Table 1 are indications of the chemical resistance of some of the 
important plastics. Different evaluation may result if the test period is greater than 
the seven days specified by A. S.T. M. and used in the table. Important evaluation of 
the chemical resistance of plastics in structural applications is obtained by measuring 
the influence of contact by chemicals on the tensile strength. 

A phenol-formaldehyde-asbestos compositiont is finding considerable use for 
handling chemicals. It is a finished material available in the form of complete units 
of equipment or parts molded to shape. Three different grades of the material are 
available, depending upon the chemicals to be handled, and, if properly selected, are 
resistant to strong alkalies, salt solutions, to practically all acids, to halogen gases 
and sulfur dioxide and to organic solvents. They are not resistant to strong oxidizing 
agents. The material is unaffected by temperatures up to 130° C (265° F) and is not 
subject to damage caused by rapid temperature changes. Physical properties are given 
in Table 2. 

Acrylic resins are used often for their transparency and are said to be useful in 
the handling of many chemicals, for example, in construction of pumps. Acrylic 
resins are being used in the lining of tanks holding chromic and sulfuric acid, for 
anodic treatment of aluminum alloys. This resin is said not to be affected by sudden 
temperature changes or by the 15% chromic acid solution used. Chemical properties 
are listed in Table 3 and physical properties in Table 4. 

Vinylidene chloride, used to a large extent as piping and tubing, is tough, durable, 
and resistant to abrasion and corrosion. It is heat resistant to about 80° C (170° F). 
At present piping is available in %-, 1-, lt4-, and 2-in. sizes. Tubing is fabricated 

in a wide range of wall thicknesses from % to as large as % in. in diameter. Physical 
properties are listed in Table 4 and chemical resistance properties in Table 5. 


* Chemical and Metallurgical EngineerinQf McGraw-Hill Publishing Co., Inc., New York, N. Y. 
t Haveg 
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7 DAYS IN CHEMICAL REAGENTS AT 25° C (77° F)* 


Vinyl 

Butyial 

Resin 


Styrene 

Reaitv 

Molded 

Cellulose 

Nitrate 

Cellulose 

Acetate 

Ethyl- 
cellulose 
No. 1 

Cold- 

Molded 

Phenolic 

Casein 
■ plastic 

None 

None 

None 

None 

Crazed; 

softened 

None 

None 

Rubbery 

Cloudy 

None 

None 

None 

Swollen 

None 

None 

Swollen; 

rubbery 

Cloudy 

None 

None 

None 

1 

Decom- 

posed 

None 

None 

Swollen; 

cracked 

Cloudy 

None 

None 

None 

Decom- 

posed 

None 

Cracked 
on drying 

Swollen; 

cracked 

Cloudy 

None 

None 

None 

Swollen 

None 

None 

Rubbery; 

split 

Tacky 

None 

None 

None 

None 

Decom- 

posed 

None 

None 

None 

None 

None 

Crazed 

Decom- 

posed 

None 

Decom- 

posed 

Decom- 

posed 

Slightly 

cloudy 

None 

None 

Crazed 

Surface 

attacked 

None 

Decom- 

posed 

Broken 

up 

Opaque 

None 

Dis- 

colored 

Crazed; 

dis- 

colored 

Opaque; 

soft 

None 

None 

Swollen; 

split 

Slightly 

cloudy 

None 

None 

None 

Swollen 

None 

None 

Swollen; 

rubbery 

None 

None 

None 

None 

None 

None 

None 

None 

Cloudy 

None 

None 

None 

None 

None 

None 

Swollen; 

rubbery 

Cloudy 

None 

None 

None 

None 

None 

None 

Swollen; 

rubbery 

Swollen; 

rubbery 

Slightly 

Bw’ollen 

None 

None 

Partly 

dissolved 

Swollen; 

cracked 

None 

Swollen; 

rubbery 

Dissolved 

Surface 

attacked 

None 

Dissolved 

Partly 

dissolved 

Dissolved 

None 

None 

, Swollen; 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

None 

None 

Opaque 








Decom- 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

Dissolved 

None 

None 

posed 








Decom- 

posed 

Dissolved 

Dissolved 

Partly 

dissolved 

Soft; 

swollen 

Dissolved 

None 

None 

Swollen; 

rubbery 

Surface 

attacked 

Dissolved 

None 

None 

Dissolved 

None 

None 

Swollen; 

rubbery 

Dissolved 

Dissolved 

Partly • 
dissolved 

None 

Dissolved 

None 

None 

None 

None 

Partly 

dissolved 

None 

None 

Swollen; 

cracked 

None 

None 


. Meindl, presented before Chicago meeting of The American Society for Testing Materiab, June 24, 1941. 
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Because of its acid and alkali rc«a'Unco the tt*e of \injl re.sin filter cloth m 
processes lovolMng strong acid or alkali ^olutioas eliminates the expense of frequent 
replacements The«e filter cloths arc being iLcd m connection with djestufis, bleaches, 
pigments, pharmaceutical (oncenCrated caustics, ond pho«phonc acid 


Tadle 2 rnOPERTIES OF PHENOL-rOnMALDEIIYDE-ASnESTOS 
PLi\STICS* 


Proper! ic«t 

llaTcg 41 

llavrg43 j 

Ilavcg 50 

Specific gravity 

I C 

1 6 1 

1 0 

Tensile strength pei 

2o00 

2 500 

1 SCO 

Compressive strength pet 

lOoOO 

8000 

0 000 

Flexural strength psi 

SCOO 

4 500 1 

3o00 

Shearing strength psi 

3SOO 

3.000 

2 500 

afodulus of elasticity 

1000000 

AoOOOO 


Thermal conductivity 

Btu/(hf» (sq ft) CF/fi) 

0 203 * 

0 C07 j 

0 203 


Coefficient t>f exttaiisoo ptr *F 18 X ItT* per ‘C 31 X 10~* 


* Copynthte<t Cltmte^arui Mtlallttririctll Engtntfrtno 

1 41 II acid retiitaot type 43 u pnmenty (orbydrofluone eeid end related maienali SO la alkalt-reeuunt 
type 


Table 3 EFFECT OF TOTAL IMMEIISION’ OS ACRYLIC PLASTICS* 


Solufwnt % m CfltaJ 

Sulfune acid 0 C 

3*^ Sultune acid ] o 

10^ llydroel lone acid 0 7 

10% Sodium hydrotida 0 8 

1% Sodium hydroxide 1 0 

10% Nitnc acid 0 9 

5% \eetieacid j 0 

2 % Sodium carbonate 1 o 

10% Sodium cblonde 0 9 

10% Amtnomum hydroxide 0 9 

3% Ilydroccn peroxide j p 

100% DietiUcd Mater 0 0 


* Approved teati of the Committee on llaatira of the Amencan Society for Teetin* Matenala ufinjE 
pieces of fflatenaf 1X3X0 125 in. loCafly iinineraed lo (he various cbcmica} eofutions lor 192 br at 20“ C. 
Data supplied for I’IciisIas by Rohm A Haas Co Philadelphia Pa. 

t All coDCenirationa pv en in percentase by weight m distilled water 

t A gam in weight of 1 % or leas is considered negligible except in unusual appbcations None of the above 
solutions appreciably affects (be appearance or strength characteristiCB 

The use of plastic-spraj ed coatings at linings for car tanks drums and process 
equipment has shown many advantages m the field of corrosion protection These 
coatings are usual)} combinations of •^veral inert resins The vinjJ and phenolic 
resins are tho«e most used for this purpose at present Plaatic coatings find their 
greatest use at atmcspbenc temperatures although the phenolic re«ins hate some 
appbcations for abotc-room temperature service 
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Chemical Properties 

P = poor, F ^ fair, G = good 

Resistance to 

3n!J9q;caj^ 

Pcd, (i,(i,a(pa 

S^USA^Og 

omcSJO 

p.tx, 

Baqcqiv 

Suo4g 

^pL| pUiPkPHf^PnOPHOfe 

S3i|Cq[V 

op. &<p,Pr<b(li06a0CJ 

spwy 

Snizipjxo 

PhOhPhPh ^foPHpLjPHpHPHpSH^S^ 

sppy 

]CJ0Utp^ 

3uoi;s 

Ce. 

OP-. A^AhAhP^ 

spioy 

\t:ioui|q 

C5P=, Pi<OOCS[i<OfeC3C5 

jq fZ ni % 
‘uoi'^djosqy 

0.4 

10 5 

3.4 

1 9 
1.3 

1.5 

0 5 

4 7 
1.5 
0.2 

0.4 

0 

2 0 

0 3 

0 

sajaqtlsomjy 03jj-jnj[ng 
‘4o ‘sjruBJodoiaj, 
aujlijaclo uintaixu}^ 

oo oooo ooooooooo 

o*-t oooo«<j<r«- 

r-tw 

Mechanical Properties 

j 3 -ds 00(1 [ 
mauaJig a|isnax 
‘oji«a maiaAi-qiauaJig 

Ci-14 ♦-t^owh-eopooe'j 

»oxs4o^ 

pcoi a:i-es 
‘Kcq ‘uantjg ‘sssupjcii 

10 0 

23.0 

lO.Ot 

9 0 

9 5t 

32.0 

36.0 

38 0 

25 0 
51. 0§ 
13.5 

■ai-Hoiou/qi-y ‘qiSuajjg lOddtni 

COO ooe^oo to-HCOiftc^^c^coo 

o—t cieowjco o^MOoooows 

led ,,oi 

‘XjioijscH JO sninpojM opsuaj, 

»f5»0 <NC«CO« 

oo OOOO Of-i'-HWt-IO’-HOO* 

isd t_oi ‘qiSuaJig ajisnaj, 

8.0 

10.0 

7.5 

5.0 

8.5 

5 5 

9.3 
12.5 

6 8 
G.O 

6.5 

7.0 

6.3 

9 0 

5.5 

Physical 

Constants 

s-OI X 0o/^V®3 
j'uoisacdxa [emaaiij, 

8 5 

5 5 

12.0 

13.5 

14.0 

12.0 

9.5 

2.1 

4.0 
3.3 

5.6 

7.0 
2.8 

16.0 

15.8 

(nio/Qo)(aJO bs)(036)/iTJO-ainjS 
^•A^JAipnpuoo leuijaqj. 

6.0 
Very 
low ' 
6.2 
6.2 

4.1 

5.1 

4.0 
6.5 

4.0 
14,0 

8.0 
1.9 
7.1 
4.0 

^2.2 

XjiAtao agiaadg 

1.18 

1.35 

1.32 
1.18 
1'.38 
1.13 

1.31 

1.33 
1.39 
1.84 
1.39 
1.06 
1.48, 
1.45 
1.72 

Material 

Acrylic acid resins 

Casein 

Cellulose acetate 

Cellulose acetate butyrate 

Cellulose nitrate (pyroxylin) 

Ethylcellulose 

Phenolics, cast, electrical, and mechanical 
grades 

Phenolics, laminated, paper-base 

Phenolics, molded, fabric-filled 

Phenolics, molded, mineral-filled 

Phenolics, molded, woodflour-filled 

Styrene resins 

Urea resins 

Vinyl resins 

Vinyhdene chloride resins 


* To convert to Btu/(hr) (sq ft) (°F/ft), multiply by 242. 
t To convert to iruAn. multiply by Q.555. 

% 10-kg load. 

§ 600-kg load. - 
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Table 5 CHEMICAL RESISTANCE OF VINYLIDENE CHLORIDE PIPE 
At Room Temperature After 3 Months Exposure 


Reagent 

IVt Change* 

Stability Ratingt 

98*0 (cone ) HjSOi 

(Calc. lo% change per yr) 

+0 3 

Good 

60% IIiSOi 

40 2 

Excellent 

10% KjSOi 

-t-0 3 

Excellent 

35% (cone ) IICJ 

+OS 

EsceJJeot 

30% HjSOi 

+0 2 

Excellent 

10% HCl 

40 3 

Excellent 

6o% (cone ) IINOi 

40 o 

Excellent 

10% nvo. 

40 2 

Excellent 

Glacial acetic 

40 7 

Excellent 

10% Acetic 

40 4 

Excellent 

5% HiSOj 

40 5 

Excellent 

Cone oleic 


Excellent 

50% NaOH 

40 5 

Fair 

10%NaOH 

+0 3 

Good 

28% NR* 

Unsuitable 

Unsuitable 

10% NHj 

Poor 1 

Poor 

Ethyl alcohol 

-0 3 

Exeellent 

Ethyl acetate 

40 5 

Fair 

Acetone 

42 

Fair 

Methyl Iso-butyl Ketone 

43 

Fair 

Carbon tetrachloride 

+10 

Good 

Ethylene dichloride 

410 

Poor 

Diethyl ether 

-3 

Poor 

Djozsne 

+13 

Lfisiutabjs 

Beosene 

-M 

Fair 

tKDieblorobenreoe 

+4 

Poor 

Ethyl gasoline 


Excellent 

Turpentine 


Excellent 

Tnethanolamine 

-0 5 

Excellent 

Lubricating oil 


Excellent 

Linseed oil 


Excellent 

Bromine water 

+3 

Unsuitable 

Chlorine water 

+0 5 

Unsuitable ' 

Bleaching solution 

+0 4 

Excellent 

10% Duponol 


Excellent 

10% Zinc bydrosulfite 

+0 5 

Excellent 

15% CaClj 

40 4 

Excellent 

15%PeSOi 

40 7 

Good 

l%ater-nir 

-0 02 to +0 11 (6 months) 

Exeellent 

Air 

0 01 to —0 10 (0 months) 

Excellent 


* Such informatioa thouldoot be taken looLterallyand. more often than not a general ratmg aa the third 
column, will gi^e a better picture of what the true coiDpanaon la. This is ao eioce the number of properties 
that must be considered in connection intb chemical resistance may affect not only weight change or Tolume 
change, but also tensile and impact atieogth, timtneal properties, color, flexibility, etc. The general rating 
IS more or lees a combination of all those factors. 

t The stability rating given is based upon obeersed changes in color, weight, dimension, tensile strength, 
and hardness of the samples tested. 
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Porcelain 

James A. Lee* 

Porcelaia is an extremely dense and homogeneous body which permits the 
fabrication of such pieces as rolls, ground and lapped down to a mirror finish for 
such jobs as coating photographic papers and carrying the tender filaments from 
rayon batlrs. A typical analysis is silica, 69%; alumina, 26%, and alkalies, 5%. 
Physical data are given in Table 1. 


Table 1. CHEMICAL PORCELAINWARE* 


Specific gravity 
Ultimate tensile strength, psi 
Ultimate compressive strength, psi 
Modulus of rupture, psi 
Modulus of elasticity, psi 
Specific heat 

Thermal cond., Btu/(hr) (eq ft) (®F/ft) 
Linear thermal expansion, per ®F 
Water absorption, % 


2.41 

5,000-8,000 

100,000 

12,000-15,000 

10,400,000 

0.2 

0.7 

0.0000023 

0 


• Copyrighted, Chemical and Metallurgical Engineering. Data supplied by Lapp Insulator Co. 


Porcelain is unaffected by all acids except hydrofluoric, but is only slightly resistant 
to alkali solutions. 

This material is now available in numerous types and sizes of plant equipment. 
There is a complete line of process valves, including Y- and angle-type for shutoff 
service, as well as pop-type safety valves, check valves, flush bottom valves for 
tanks, and motor control valves. Pressure piping with a complete line of fittings up 
to 8 in. are available. In addition there is the usual range of kettles, tanks, etc., that 
are made in many other ceramics. However, there is some limit in size. At present 
63 gal in a single vessel is the maximum. 

Porcelain is limited in mechanical strength and, therefore, is somewhat vulnerable 
to both mechanical abuse and thermal strains. About 160° C (300° F) is a reasonable 
limiting temperature for application of this material with a sudden temperature 
change not to exceed about 50° C (90° F). As temperature increases above these 
values, the problem of avoiding harmful thermal shock increases. 


Natural and Synthetic Rubber f 
James A. Lee* 

Natural rubber has been used for the construction of chemical equipment for 
many years. More recently several' synthetic rubber products have been developed 
and are now available for services where their special characteristics make them 
preferable. Among the rubber-like materials are Buna S, Buna N, Butyl, Neoprene, 
Thiokol. The physical properties of these and other rubber-like substances are ^iven 
in Table 1. 

Natural rubber may be molded into any form and compounded for special purposes 
No one type is applicable to all conditions for maximum performance. For example, 

* Chemical and Metallurgical Engineering^ McGraw-Hill Publishing Co., Inc,, New York, N. Y. 

t Refer also to Rubber ahd RubberAike CoaiingSt p. 902. 
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Tabi-e 1 PH'iSICA.L PROPERTIES OF 


MatenAl 

®peci6c 
Cra\ati of 
Baae 
Material 

Tcnala 

Strength 

pel 

Ilardnesa 

Shore 

Durometer 

^laxunum 
Temp, for 

Ise ‘Ft 

Chenuguin oil re^stant 

1 0-1 o 

600-4000 

30-90 

300 

Chemigum tire 

1 B-l 15 

1000-1000 

S0-&> 

450 

GR I (Butjl) 

0 01 

500-3000 

15-00 

2a)-300 

GR M (Neoprene) 

1 2o-l 30 

I,000-IJ)0 

10-9n 

300 

GR N (Perbunan) 

0 95 

500-5^ 

30-90 

300 

GR P (ThioVol 

in 

1 400 

2;>-90 

200 

GR P (ThioVol ST) 

1 27 

500-2000 

30-90 

250-300 

GR-S(BujiaS) hard 

0 94 

4,000-11000 

7t>-9a| 

220 

GR-S (Buna S) eoft 

0 94 

JJO-3000 

2o-9» 

300 

HrearOR 15 aoft 

1 00 

500-4 000 

20-95 

300 

Byeaf OR »o(t 

0 99 

SOO-3000 

20-9n 

300 

H} ear OR 15 hard 

1 00 

44)00-11000 

'0-9n 

27a 

HyearOS-10 aoft 

0 95 

500-3 500 

20-9d 

300 

Koro*eal eoft 

1 40 

500-2 500 

30-SO 

190 

Koroeeal hard 

1 40 

2000-9000 

SO-lOO 

21* 

Pliolite No 40 

1 Oo 

4 00O-J000 


160-243 

Resutoflex 

1 

2OOO-0OOO 

5j-9a 

2a0 

Tygon T 

1 33-1 3S 

9W0 


17a 

Viatanez medium 

0 9 

200 



1 istanex h gh 

0 9 

SoO 



Natural rubber hard 

0 93 

4000-11000 

70-9^ 

220 

Natural rubber soft 

0 93 

SOO-5.000 

20-9u 

300 
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SYNTHETIC AND NATURAL RUBBERS* * * § 


Dielectric 

Strength, 

volts/mm 

Effect 

of 

Heat 

Abrasion 

Effect of 

Effect of 

Machining 

Resistance 

Sunlight t 

Aging 

Qualities 


Stiffens 

Excellent 

Equal to 

Stiffens 

Can be 




rubber 


ground 


Stiffens 

Good 

None 




rubber 


25,000 

Stiffens ! 

Excellent 

None 

Highly 

Can be 


slightly 



resistant 

ground 



Stiffens 

Excellent 

None 

Highly 

Can be 


slightly 



resistant 

ground 


Stiffens 

Excellent 

Slight 

Highly 

Can be 





resistant 

ground 

. . . 

Hardens 

Fairly 

None 

None 

Excellent 


slightly 

good 





Hardens 

slightly 

Good 

None 

None 

Highly 

resistant 

Excellent 

Excellent 






Stiffens 

Excellent 

Deteriorates 

Highly 

Can be 





resistant 

ground 


Stiflfens 

Excellent 

Slightly better 

Highly 

Can be 




than natxiral 
rubber 

resistant 

ground 


Stiffens 

Excellent 

Slightly better 
than natural 
rubber 

Highly 

resistant 

Highly 

resistant 

Can be 
ground 

Excellent 






Stiffens 

Excellent 

Deteriorates 

Highly 

Can be 





resistant 

' ground 

15,000-30,000 

Softens 

Good 

None 

Highly 

Can be 





resistant 

ground 

30,000-50,000 

Softens 

Excellent 

None 

Highly 

resistant 

Good 







6,000-10,000 

Softens 

Good 

None 

None 


35,000-50,000 

Softens 

Good 

None 

None 

•Better than 
rubber 

Excellent 
Cannot be 
machined 




None 

Better than 
rubber 

Cannot be 
machined 





Highly 

resistant 

Excellent 






Softens 

Excellent 

Deteriorates 

Moderately 

Can be 





resistant 

ground 


• Copyrighted, Chemical and Metallurgical Engineering. 

t Maximum temperature suitable for service depends greatly upon the exact service conditions. Maxi- 
mum temperature for use as a packing can be much higher than the maximum temperature suitable for 
tank lining. Individual cases should be referred to the supplier for recommendations, 

t Effect of exposure to sunlight under tension. 

§ Type “D’k 
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than natural rubber with respect to oils ; deterioration by heat, oxygen, and sunlight ; 
flexing life; and gas diffusion. Animal, vegetable, and petroleum-base products cause 
slight swelling but have little effect on the physical properties. Neoprene does not 
dissolve, become gummy, or slough off. In general, it may be used in contact with 
inorganic chemicals, and even strong alkalies may be successfully handled. Mineral 
acids cause deterioration when used in concentrations above 50%. Strong oxidizing 
acids such as concentrated sulfuric, nitric, and chromic should be avoided. Halogens 
in liquid form cause embrittlement; however, dilute gas and aqueous solutions may 
be handled satisfactorily. 

Neoprene resists the attack of most organic compounds, the more highly saturated 
compounds having less effect than the less saturated. It is not recommended for use 
with the chlorinated hydrocarbons or with creosote. Certain aromatic solvents such 
as benzol also cause rapid swelling. 

Neoprene linings are satisfactory under the following conditions; 


Chemical 

Concentration 

Probable Safe Max. 3 

OQ op 

Chlorine water 

Up to 3% 

28 

82 

Hydrochloric acid 

Up to 20% 

100 

212 

Hydrochloric acid 

Over 20% 

28 

82 

Phosphoric acid 

Up to 85% 

105 

220 

Sulfuric acid 

Up to 50% 

105 

220 

Aluminum chloride 

Up to 25% 

70 

160 

Ammonium nitrate 

Up to 50% 

105 

220 

Calcium chloride 

Up to sat. 

105 

220 

Ferric chloride 

Up to 25% 

93 

200 

Silver plating solution 

Standard 

105 

220 

Sea water 


105 

220 

Sodium chloride 

Up to sat. 

105 

220 

Sodium hydroxide 

Up to 70% 

105 

220 

Sodium sulfide 

Any 

03 

200 

Acetone 


Boiling point 

Formaldehyde 

Up to 40% 
aqueous sol. 

28 

82 


There are a number of polysulfide rubbers known as Thiokols. They are made 
from an organic dihalide and sodium polysulfide. This group is best known for its 
exceptional resistance to oils — both alphatic and aromatic. They are quite resilient 
but have poor resistance to high temperatures and severe mechanical stresses. 

However, unlike natural rubber, the Thiokols are practically unaffected by petro- 
leum hydrocarbons and most commercial solvents. They are resistant to alcohol, esters 
and ketones. The swelling of these products in aromatic hydrocarbons varies from 
practically none to around 100% increase in volume, depending on the type. Even 
when Thiokol swells in aromatic solvents, it ’still retains good physical characteristics. 
It is not materially affected by carbon tetrachloride but is attacked by ethylene 
dichloride in varying degrees. Thiokol is not affected by sunlight, air, ozone, or 
ultraviolet light. 

It can be compounded to five various hardnesses and characteristics suitable for 
each particular application. Although not possessing original tensile strength as 
great as natural rubber, it exceeds natural rubber (it is said) in both strength and 
abrasion resistance when in contact with gasoline and oils. 

Silicone rubber is an organo-silicone oxide polymer characterized by its exceptional 
heat resistance. This material remains resilient at temperatures up to 260° C (500° F) 
and retains flexibility at temperatures down to —60° C ( — 70°F). 



Table 2 CHEMICAL RESISTANCL OF NATURAL RUBBER COMPOUNDS* 





Maximum 

Degree of 

Design 



by TV eight 

Temper 

\ ufcsm 

of 




xation 

Compound 

1 Solutions of Inorgamt Acxdi 



/ Soft 




Any concentration 


Specific 




( Itard 


Carboiuc acid 

Up to aatuiation at 






Bimoaphene 






pressure 

ISO 

Soft or hard 


Chlorine natt 

T (hypochlorous 

fUp to saturation atl 
^ atmoephenc V 

1 pressure ) 

lOO 

ISO 

Soft 

Hard 

Specific 

Specific 

Fluobone aci 

1 

Any concentration 

loO 

Soft or hard 


Fluoa licic acid 

Any concentration 

JoO 

Soft or hard 


Ilydrobromie 

acid 

Vny eoneentratiOD 

/ 100 
\ loO 

Soft 

Hard 

Specific 

Hjdrofluonc 

acil 

Lp to SO 

loO 

Soft or hard 


Hjdrogen aulfide water 

L p to aaiuration at 






at moephene 






pressure 

loO 

Hard 


llydfochlor e 

acid 

Vny concentration 

ISO 

Soft or hard 

General 

Phoschone acid 

LptoSST 

ISO 

f Soft 

1 Hard 

Specific 

Sulfune acid 


Up to 50% 

150 

Soft or bard 


bulturous acid 

Up to saiuratKin at 






aimoephene 

pressure 

IjO 

Hard 

Specific 

1 

1 

i 

Aftofies 




AlumiDuni ehlonda 

Up to saturation 

IjO 

Soft or hard 


Alumiaum euLate 1 

Up to saturation 

1^ 

Soft or hard 

General 

Alums 


Up to saturaiioo 

IsO 

Soft or bard 


Ammoiuum ehlonile 

Lp to saturatioA 

]o0 

Soft or hard i 


Ammomuai hydros de 

Up to saturation 

IDO 

Hard 

General 

Ammonium persuUate 

Up to saturation 

/ JOO 
\ 

Soft 

Hard 


Ammonium auifate 

lp to saturation 

\J> 

Soft or hard 

rtapta*«T 

Banum sulfide 

Up to saturation 

loO 

Soft or hard 

General 

Calcium bisulfite 

U p to saturation 

loO 

Hard 

specific 

Calcium ehlonde 

Up to saturation 

150 

Soft or hard 

General 

Calcium hjpochlonte 

Lp to saturation 

ISO 



Sodium hydroxide 

Up to saturation 

150 

Soft or hard 

General 

Potassium hydroxide 

Up to saturation 

; 150 

Soft or hard 

General 

Copper chloride (cupnc) 

Copper cyanide (in solution 

Up to saturation 

loO 

Hard 

General 

with alkab 

cyanides) 

Up to saturation 

loO 

Soft or hard 

General 

tapper sulfate (cupnc) 

Up to saturation 

150 

Soft or hard 

General 

Feme chloride 

Up to saturation 

laO 

/ Soft 
\ Hard 

Specific 

General 

Ferrous sulfate ( copperas ) 

Up to saturation 

ISO 

Soft or hard 

General 

Nickel acetate 

Plating solutions 

Up to saturation 

loO 

Bard 

Specific 

Cadmium I 

Copper 1 

Gold 

Lead , 

Nickel 1 

Sliver 1 

Tin 

Zinc J 



laO 

Soft or bard 

^ General 

Potassium cuprocyanide 

Up to saturation 

laO 

Soft or hard 

General 

Potass um d chromate 

Sodium (or potassiucn) anti- 

Up to saturation 

150 

Hard 

General 

monate 

1 

Up to saturation 

IjO 

Soft or hard 

General 



Table 2. CHEMICAL RESISTANCE OF NATURAL RUBBER COMPOUNDS'" 

{Pontinue^ 




Maximum 

Degree of 

Design 


by Weight 

Temper- 
ature, °F 

Vulcani- 

zation 

of 

Compound 

Sodium (or potassium) bisul- 





fite 

Up to saturation 

150 

Hard 

General 

Sodium (or potassium) acid 
sulfate 

Sodium (or potassium ) 

Up to saturation 

150 

Soft or hard 

General 

chloride 

Up to saturation 

150 

Soft or hard 

General 

Sodium (or potassium) 
cyanide 

Sodium (or potassium) 

Up to saturation 

150 

150 ' 

Soft or hard 
/ Soft 

General 

Specific 

hypochlorite 

Up to saturation 

1 Hard 

General 

Sodium (or potassium) sulfide 

Up to saturation 

150 

Soft or hard 

General 

Sodium (or potassium) sulfite 
Sodium (or potassium) thio- 

Up to saturation 

150 

Soft or hard 

General 

sulfate 

Up to saturation 

150 

Soft or hard 

General 

Silver nitrate 

Up to saturation 

150 

Soft 

Specifiot 

Tin chloride (either stannous 

1 Any aqueous solu- 

150 

/ Hard 

General 

or stannic) 

/ tion 

\Soft or hard 

General 

Zinc chloride 

Up to saturation 

150 

Soft or hard 

General 

Zinc sulfate 

Up to saturation 

150 

Soft or hard 

General 

3. Organic Materials 





Acetic acid 

Acetic anhydride 

Any concentration 

150 

150 

Hard 

Hard 

Specific 

Specific 


Acetone 

Any concentration 

150 

/ Soft 

Specific 

\ Hard 

General 

Amyl alcohol 

Any concentration 

150 

/ Soft 
\ Hard 

Specific 

General 

Aniline hydrochloride 

Any concentration 

150 

Soft or hard 

General 

Butyl alcohol 

Any concentration 

150 

( Soft 
\ Hard 

Specific 

General 

Casein 

Any concentration 

150 

Soft or hard 

General 



150 


Specific 

Specific 

Citric acid 

Up to saturation 

150 

Soft 



150 


Specific 

Specific 

Specific 

Specific 

General 



150 


Dyestuffs 

Ethyl alcohol 


150 


Any concentration 

150 

f Soft 
\ Hard 

Ethylene glycol 

Any concentration 

150 

Soft or hard 

General 

Formaldehyde (formalin) 

40% aqueous solu- 





tion 

ICO 

Hard 

Specific 

Formic acid 

Any concentration 

100 

Hard 

Specific 



100 


Specific 

General 

Gallic acid 

Up to saturation 

150 

Soft or hard 

Glucose 

Any concentration 

150 

Soft or hard 

General 

Glue 

Any concentration 

150 

Soft or hard 

General 

Glycerin 

Any concentration 

150 

Soft or hard 

General 

Lactic acid 

Any concentration 

150 

Hard 

Specific 

Malic acid 

Up to saturation 

150 

Soft or hard 

Specific 

Methyl alcohol 

Any concentration 

150 

^ Soft 

Specific 

\ 


\ Hard 

General 

Mineral oils 


100 

Hard 

Specific 

Propyl alcohol 

Any concentration 

150 

J Soft 

Specific 


\ Hard 

General 

Soaps 

Any concentration 

150 

Soft or hard 

General 

Tannic acid 

Up to saturation 

150 

Soft or hard 

General 

Tartaric acid 

Up to saturation 

150 

/ Soft 

Specific 



\ Hard 

General 

Triethanolamine 

Any concentration | 

150 

Soft or hard 

General 

Vinegar 


150 - 

Hard 

Specific 


• Copyrighted, Chemical and Metallurgical Engineering. 
t If dieooloration is to be avoided. 
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Wood 

James A Lee* 

Wood IS hrgely used in the chemical process industries for tanks pipe, and cooling 
towers and to some extent for filter presses, agitators and other equipment In 
general it may be «aid that a solution which destroys the fiber of a wooden \esse! 
di'^sohes either the cellulose or the hgnin or both Hardwoods contain more lignin 
softwoods contain more cellulo«'c hence the nature of the solutions determines the 
tjpe of wood to be ii«ed in a particular in«tallation ^\ood is usually more resistant 
to dilute solutions than to concentrateil solutions all other things being equal 

Sulfuric and 1 ydrochloric acids appear to affect all woods ad\crscl>, although dilute 
'olutiona are not injurious to an> serious extent Acetic acid at any concentration 
«epms to be without de«trucli\e action on any of the woods The wood selected for 
use with this acid should be that which jiclds the least coloring matter to the 
solution 

In general all woods appear to nithstand the action of acids and acid solutions 
better than thej do strongly alkaline and caustic solutions The latter attack and 
disintegrate the fiber although dilute or weak alkaline solutions may not affect the 
wood to an> great extent lime and magnesia solutions however are most detn 
mental to wood whereas pota«siiim and sodium cjanide «olutions under normal 
conditions are practically without action 

Strong oxidizing agents should not be brought into contact vnth wood as they 
rapidh destroy it bj «tnictural decomposition The cellulose is easily converted to 
oxjccllulo e a brittle substance with practically no coherent properties Nitnc acid 
chromic acid potassium permanganate and free clilorme are particularly active in 
this respect 

At ordinary temperatures a solution may have no appreciable action on wood for 
an indefinite period but an jpcrcase in temperature may cause immediate and rapid 
destruction The effect of temperature of various media m contact with wood is 
illustrated by information given in Table 1 

Plywood offers manv opportunities for engineering design Because of the wide 
variety and manv tv pcs of construction it |3 preferable to give the characten«tics 
of wood and adhe«ives rather than to detail properties for special methods of 
construction (See Tables 2 and 3 ) ' 

• Chtmuai and it tallurgieal Engineering McGran Hill Publ shmg Co Inc New York N Y 
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OF WOODS* 


• 1 

Compression 

Ultimate 
Tensile 
Strength 
perpen- 
dicular 
to Grain, 
psi 

Maxi- 

mum 

Shearing 
Strength 
Parallel 
to Grain, 
psi 

Cleav- 

age, 

Load to 
Cause 
Split- 
ting, 
Ib/in. 
of 

Width 

Work- 

ability! 

Paint 

Holding! 

Nailing§ 

Resist- 

ance 

to 

Decay! 

Propor- 

tional 

Limit 

Parallel 

to 

Grain, 

psi 

Ultimate 
Strength 
Parallel 
to Grain, 
psi 

Propor- 

tional 

Limit 

Perpen- 

dicular 

to 

Grain, 

psi 

4,470 

6,360 

900 

270 

1,000 

170 

Fair 

Very good 

Splits rarely 

Very good 

6,450 

7,420 

910 

300 

1,140 

180 

Poor 

Poor 

Splits easily 

Fair to 


- 








Good 

5,340 

0,210 

080 

310 

1,170 

200 

Fair 

Fair 


Poor 

5,950 

7,490 

1,080 

310 

1,300 

100 

Poor 

Poor 

Splits, use blunt 

Fair 

' 








nails 


4,060 

5,270 

740 

400 

1,160 

220 

Good 

Fair 

Does not split 

Fair 









readily 


4,560 

0,150 

800 

240 

940 

150 

Fair 

Very good 


Very good 

3,750 

5,240 

640 

280 

930 

100 

Fair 

Very good 


Veiy good 

4,780 

5,610 

710 

370 

1,150 

210 

Good 

Fair 

Little tendency 

Fair 









to split 


5,890 

0,470 

700 

400 

1,080 

220 

Fair 

Excellent 

Splits rarely 

Very good 

5,790 

7,410 

1,410 

’ 940 

1,950 

480 

Poor 

Good 

Tendency to split 

Poor 

3,040 

4,250 

400 

200 

850 

210 

GooU 

Fair 

Does not split 

Very poor 











3,800 

4,730 

450 

350 

990 

230 

Good 

Very good 

Does not split 

Very poor 

4,880 

7,300 

1,250 

1,010 

2,010 

490 

Poor 

Good 

Tendency to split 

Poor 

6,130 

8,170 

1,190 

920 

1,880 

520 

Poor 

Good 

Tendency to split 

Poor 

5,960 

7,110 

850 

500 

1,700 

350 

Fair 

Good 

Tendency to split 

Good 

3,780 

5,320 

700 

400 

1,080 

250 

Good 

Good 

Splits frequently 

Very good 

3,490 

4,910 

470 

580 

930 

270 

Good 

Fair 

Does not split 

Very poor 

4,030 

5,520 

850 

000 

1,510 


Fair 

Good 

Difficult to split 

Fair 

4,700 

7,050 

1,520 


1,920 



Good 




9,210 

2,170 


2,430 



Good 

Splits readily 

Poor 




poor 


5,G80 

980 


1,340 





Good 

3,420 

5,400 

1,060 

740 

1,530 

430 

Fair 

Good 

Tendency to split 

Poor 


6,240 

1,770 


1,480 






5,390 

7,830 

1,810 


2,330 




Tendency to split 

Poor 





Poor 

Fair 

4,360 

5,220 

910 

500 

1,480 

340 

Fair to 

Good to 

Tendency to split 

Poor 







Poor 

Fair 



4,580 

0,700 

1,250 

800 

1,780 

410 

Poor 

Good 

Tendency to split 

Good 

4,760 

7,440 

1,320 

800 

2,000 

450 

Poor 

Good 

Tendency to split 

Good 

5,180 

7,850 

2,130 


2,080 

060 





3,710 

5,380 

800 

720 

1,470 

400 

Poor 

Good 

Fair 

Poor 

4,700 • 

5,800 

800 

800 

1,610 

380 

Poor 

Good 

Tendency to split 

Fair 

4,280 

5,920 

1,070 

700 

1,590 

300 

Poor 

Good 

Tendency to split 

Fair 

3,470 

5,520 

1,150 

500 

1,340 

340 

Poor 

Good 

Tendency to split 

Fair 

5,780 

7,580 

1,250 

090 

1,370 

320 

Fair 

Stains 


Very good 








well 



3,550 

5,290 

580 

520 

1,100 

280 

Good 


Does not split 

Poor 









readily 



X Standard test specimen 2 X 2 X 30 in. (A. S. T. M. D143-27), — 

§ These properties of plywoods will be different from those of normal wood, depending upon the adhesive 
used and the type of construction. 

II Includes white, blue, and green. 

II Soft species of hardwoods. 
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OF ADHESIVES* 


Wet 

Bond 

Strength 

Water 

Resist- 

ance 

Mold 

Resist- 

ance 

Staining 

Power 

Heat and 
Fire 
Resist- 
ance 

Exterior 

Dura- 

bihty 

Relative 

Cost 

Principal 

Uses 

Special Features 

None 

Poor 

Poor 

Some 

staining 

Poor 

None 

High 

Lumber cores 
and joints 

Relatively expensive. Easy 
to use 

Medium 

Medium 

Poor to 
good 

Low to 
high 

Poor 

Fair to 
good 

Medium 
to high 

Refrigerator, 
truck and car 
panels; special 
panels; packag- 
ing 

Especially suitable for low- 
temperature hot pressing; 
most durable of adhesives 
except resins. Also mixed 
with casein and soybean 
flours 

Medium 

Good 

Uncer- 

tain 

No stain 

May 

diffuse 

Moderate 

Good 

Medium 

Douglas fir 

Popular for Douglas fir be- 
cause good durability is 
attained with fast low-tem- 
perature cycle 

Medium 

Good 

Uncer- 

tain 

No stain 

May 

diffuse 

Moderate 

Good 

Medium 

Panel stock, fur- 
niture 

Rather critical to handle. 
Partuilly resistant to boiling 
water 

Poor to 
medium 

Poor to 
good 

Gen- 

erally 

poor 

Gen- 

erally 

marked 

Poor 

Poor 

Medium 
to high 

Furniture and 
interior panels, 
concrete forms 

Superior to vegetable glue 
for wet strength 

Excellent 
in both 
hot and 
cold 

\7ater 

Excellent 

Excellent 

Some 
staining 
with liq- 
uids; none 
with film 

High 

Excellent 

High 

2-ply facing; ex- 
terior panels; air- 
craft skins; boats 

By far the most durable 
bond; resists all forms of 
deterioration 

Poor to 
medium 

Fair 

Poor 

Marked 

Poor 

Poor 

Very low 

Douglas fir 
panels; building 
boards; concrete 
forms 

Mostly soybean meal used 
on Douglas fir 
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Table 3 PROPERTIES OF 


tdiesive 


SupfiLed 

Cold or 
Hot Press 

Added 
Ingredients, 
(d Mu 

1 Pressing 

Moisture 
Content 
(MC) 
Alloved in 
\ eneers 

ConditjoD 

ing of 

Pands 

After 

Preuing 

Dry 

Bond 

Strength 

Temp ‘F 

Time 

Thermo- 

Chiefly 

pbstieired 

polynnyl 

butyralde- 

h)de 

KitutieD 

solvent 

Hot reesi 

None thin ! 
•rtbsul 
sent if 

MO-300 

Fev mm to 
sereril hr — 
must be 

raolrd ID 

rersior 

mold 

3-12 

Generally 

scmetim*s 

sprayed 

Low to 
medium 

Irta- 

Itea- 
fonnalJe- 
byde ecm 
decssuon 

Poedrr 
and liquid 

Plainly 
hot une 
rc4d 

Rater 

aereirrators 

rye floun 

210-210 

Imiafor 
ihjD panels 
hot peess 

1 hr for 
eotd piui 

Wide range 
-2 lOO 

condi Lions 

i 

lEgb 


\egrtaUe 
;e»rbo- 1 

'Bwenuisly 

|eas3n 

.(Upioea) 

jabofotato 

Iflour 

Eotir 

Cold 

Rater and 
dkalxa- 
fsodjoio by 




1 

Medium 


• Copjngbt 1M3 bf Bak«lite Cofponiwa N»w \ork. V I 


Boron* 

M J JvROLLT 

This metalloid resembles carbon and silicon m mim respecUi Despite the fact 
that boron is wideh aiailablc in nature no «mtab!c mcthochi ha\e been found up 
to now for producing the element in a ^tate of high puriti at low co't Weintraub^ 
made high-grade material b\ reducing boron tnchlonde with hidrogen in an arc 
Recenth, pure crs'-lal- of the clement ha\e been prepared b\ reduction on a heated 
filament ^ 

Commercial boron is prepared b% reduction of bone oxide with macne-ium and 
U-'iiallj contains large amounts of impurities such a* magne'ium oaide and boron 
suboxide Mam samples of so-called pure boron contain le«s than 75^ of the 
element ^ Xaturalh the chemical properties of this material will be different from 
tho-e of the massn e erj 'talline fonn 

* Much informatjon m this chapter w»s rontrlboted by D T Hurd Researth Laboratory, Geiiers] 
Electnc Co ‘vrheneetady N T. 

t Considting Metallurgist Albany Ore 

* J W Mellor Comprthenrttt TrntiM on Inorgante and Theortiieol Chemtdry (Boron) Vol 5 Long- 
mans Green and Co , London 1924 

* E. Weintraub. /nd Eng Chm.B 10(>-115 (1913) 

*A Laubengayer D Hurd \ X€whirk,»i»dJ Hoard J Am Chem Sot, S5, 1924 (1943) 

Wmsloir and H LiebhafsVj,^ Am CAem Soe,B€ 272d (1942) 
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ADHESIVES* — Continued 


Wet 

Bond 

Strength 

Water 

Resist- 

ance 

Mold 

Resist- 

ance 

Staining 

Power 

Heat and 
Fire 
Resist- 
ance 

Exterior 

Dura- 

bility 

Relative 

Cost 

Principal 

Uses 

Special Features 

Medium 

Medium 

High- 

not 

affected 

None 

Poor 

Poor to 
good, de- 
pending 
on condi- 
tions 

High 

Molded plywood 

Flows at elevated tempera- 
ture. Must be cooled in 
press. Will resea!. Plies re- 
tain flexibility 

Medium 
to high 

Cold 

water, 

good; 

hot 

water, 

poor 

High 

None 

Moderate 

Good 

Resm 

alone, 

high; 

with 

hllers.low 

Wall panels; ra- 
dio cabinets; fur- 
niture; boats and 
aircraft 

Very economical when 
mixed wdth flour. Provides a 
highly water-resistant bond 
set hot or cold 

None 

Poor 

Poor 

Generally 

marked 

Poor 

None 

Very low 

Furniture panels; 
games; produc- 
tion work; pack- 
ages 

Inexpensive, popular ad- 
hesive. Most eastern ply- 
wood made with cassava 
flour 


The corrosion properties of the element may be summarized ns follows. Ignition of 
powdered commercial boron in air takes place at 700° C (1300° F), although the 
massive element in crystalline form is little affected at temperatures under 1200° C 
(2200° F). Boron is inert to the action of boiling hydrochloric acid and to hydrofluoric 
acid. It is slowly oxidized by hot concentrated nitric or sulfuric acid, but unless the 
material is finely powdered the reaction proceeds only at a very slow rate. 

The massive element is inert to boiling concentrated alkali and reacts only slowly 
with fused sodium hydroxide below 500° C (930° F). It reacts vigorously with fused 
sodiurn peroxide and with a fused mixture of sodium carbonate and potassium nitrate. 

The halogen and halogen hydried gases attack boron at elevated temperatures as 
do CO, CO 2 , N 2 , NO 2 , SO 2 , II 2 S, and NH.^ although attack is much less rapid when 
the element is in other than finely divided form. 

Boron forms metallic borides readily with most of the metals in the last four groups 
of the Periodic vSystem.^ These show corrosion properties in general similar to those 
of the element itself. 


GENERAL REFERENCE 

GiMELiN, L., Handbuch der anoraanischen Chemte (.Boron), 8th Ed., System 13, Verlag Chemie, Berlin, 192G. 
® K. Becker, Hochschmdzende Ilartstoffe und Hire lechnische Anwendung, Verlag Chemie, Berlin, 1935. 
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Silicon 

"W J IvROLL* 

Tile similarity of this metaJIoid to both boron and carbon appears m its ability to 
form hjiindes «oluble alkali cil)cate-> and \oIatilc halides Silicon can be produced 
on a large scale at fairb low cost and the commercial product is reasonably pure 
It can be further purified to 99-8% Mlicon b> extraction with concentrated hydro- 
chloric and hjdrofluoric acids Impurities remaining arc iron aluminum calcium and 
mangane e in addition to carbon and oxjgen The purest substance is made by 
dissociation of S1CI4 m prc'ence of hjdrogcn on a hot filament 
Silicon being brittle is formed only bj casting Recently howe\er, it has been 
succe-, fully «intered bj adding titanium hydnde to the powder 
Mo t a\ ailable literature on the chemical properties of silicon concerns the 
crystalline element in powder form The re 1 tance of silicon to corrosne media is 
exceiJent except in alkalies Hot or cold water has no effect nor has hot or cold 
dilute or concentrated hydrochlonc mine and sulfuric acids Concentrated sulfuric 
acid reacts at high temperatures Hydrofluonc acid does not react but a mixture 
with nitric acid attacks silicon readily Slight attack is ob«en ed for the fine colloidal 
material m pro ence of either oxidmng agents or of metals cathodic to eibcon ' 
Copper «ulfate CrOa aqua regia mixtures of sulfuric with hydrofluoric acid and 
solutions of heai-j metal chlorides «uch as FcClj do not react with "ilicon 
Hot potassium and '•odium hydroxide solutions rapidly divolve «ilicon and molten 
nitrates peroxides chlorate and carbonates react xiolenth Fluorine reacts at room 
temperature chlorine at 300’ C (570* F) bromine at 500’ C (930® F), and lodme at 
red heat The hxdrogon halide gao» react at elevated temperatures 
Lumps of silicon may be heated up to llOO’C (2000° F) without visible change 
either m air or in oxvgen This u believed due to a protective coating of S 1 O 3 
\itrogen has no action up to 1300* C (2100* F) 

Phospliorii ai^CDic and anlimonv do not react up to the boiling points of the«e 
elements Sulfur and sulfur chloride form a mlfide at high temperatures Carbon 
dioxide reacts to produce carbon monoxide above 1200 ° C (2200° F) Carbon combines 
to form SiC at 1400* C (2j50° F) 

The oxides of Alg Ca Ba and Sr at high temperatures are reduced to metal with 
•iilicates as reaction products whereas the oxides of Th, Ti and Zr are more stable 
Silicon 13 'aid to react with SiO at 1450® C (2010° F) with formation of a volatile 
monoxide - 

The numerous known sihcjdes di play m part the chemical resistance of the 
clement Many metals can be surface alloyed by heating m presence of the element, 
master alloys or SiCU 


GENTERAL REFEREVCE 

XlEtxoR J VW Comprthenni'e Treatue on Inorganic and Theorttieal Chemulry \ol, 5 Longmanj Green 
and Co London 19‘’4 

• Consulting Xletallurgiat Albany Ore 
t Ihngiz ne 

Funk Ber 67B 4&1 (1934) CharlesBedel Gampl rend 189 643 (1929) Charles Bedel Conpt 
rend 188 1255 l'>94 (1929) 

*E Zintl Z anorg Chemie 245 I (1940) D S PatenU 2 280 663 2 242 497 

S-H K-Ihrig ilctal Progreii 36 3SO-381 0939) A Try Stahl u Eism <3 1039 (1923) 
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CORROSION BY SEA WATER 


Behavior of Metals and Alloys in Sea Water 

F. L. LaQue* 

^This section contains data on materials in actual contact with natural sea water 
either continuously or intermittently as at half-tide level. 

The information in the chapter on the physical ^and chemical nature of sea water 
and in the chapter on its biological characteristics with reference to corrosion (p. 433) 
will serve to explain why sea water differs from simple salt solutions with regard to 
the kind and intensity of conosion. Exposure of specimens to simple salt solutions or 
synthetic sea water in the laboratory usually fails to measure properly the resistance 
of a material to attack by sea water as it is encountered naturally. 

In spite of wide variations in temperature, salinity, and marine organism growth 
from place to place, theie are surprisingly small differences in the corrosion of common 
metals and alloys when they are exposed to corrosion by sea water at different points 
throughout the world. This is illustrated by the data referring to steel in Table 1. 
Evidently the controlling factors change in compensating ways, e.g., a high water 
temperature which tends to promote higher reaction rates also serves to encourage 
the development of protective calcareous deposits and marine growths which stifle 
attack. Of course, in localities where there is considerable pollution of the sea water, 
or some special kind of contamination, ordinary sea water corrosion data will not be 
applicable and the results of special tests or local experience must be applied. 

The data to be provided here should be considered as illustrative rather than 
definitive. However, where rates of attack are observed to differ greatly from those 
recorded, it may be assumed that some unusual factor is involved and that excessively 
high rates of corrosion may be due to correctible causes. 


STEEL AND IRON 

Continuous Immersion 

Illustrative data for steel and iron, largely from long-time tests, collected in Table 1 
show a surprising uniformity of rates of attack (as expressed in inches penetration per 
year) for specimens exposed under conditions of continuous immersion at several 
points throughout the world. The spread is between 0.001 and 0.0077 ipy, with an 
average of 0.0043. Evidently the compensating factors mentioned in the introductory 
paragraphs tend to hold normal corrosion rates within rather narrow practical limits 
irrespective of water temperature, salinity, etc. Consequently, for a rough estimate in 
the absence of data applying to a particular locality or condition of exposure, it would 
be reasonable to use a figure of about 0.005 ipy, or about 25 mdd, for the expected 
average rate of corrosion of steel or iron continuously immersed in sea water under 
natural conditions. Observed average rates of attack much higher than this may be 
assumed to be the result of some peculiar corrosion accelerating factor which may be 
discovered by investigation and subject to control. The weight loss of steel continu- 

• Development and Research Division, The International Nickel Co., Inc., New York, N. Y. 
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Table 1. RESULTS OF EXPOSURE OF STEEL AND IRON TO CORROSION BY SEA WATER 

UNDER NATURAL CONDITIONS — Coniinucd 
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Copper Steel 



Table 1. RESULTS OF EXPOSURE OF STEEL AND IRON TO CORROSION BY SEA ’WATER 

UNDER NATURAL CONDITIONS — Conlinued 


BEHAVIOR OF METALS AND ALLOYS IN SEA WATER 


387 



3.41 .74 1.73 .07 .48 ... ... ... ... As oast 15 8 .0015 1 .052 Halifax, N. S. 

3.4l) .74 |l.73|.07 |.48 I ... I ... I ... I ... As cast 15 11 .0020 .180 Plymouth, Eng. 

Average of 9 cast irons in teat | Machined 3 8 .0015 | j— ^ Eastport, Me. 



3SS 


SPECIAL TOPICS IN CORROSION 


oiiJj jmmer'eiJ m sea water is for a]] praettea] purpo c? a linear lunclioa of time 
Although the accumulation of corrosion products and marine growths seems to set 
up conditions at the metal water interface, which is less corro«ne than if the metal 
were in free contact with the sea water, the rate of corrosion under thG«e lajers does 
not continue to change with time In other worda the accumulations 'er\e to e tab- 
li h a limiting rate of corrosion without basing much further effect on the rate once it 
has been e'tabli-hed The limiting rates seem to become established during the first 
year or so of exposure proMded there are no grov, changes in the corro^nc nature of 
the water m wnich the steel i;, immereed 

In connection with recent ob cnalions related to the role of bacteria m promoting 
corrosion («ee Corrosion by Micro orgamsms tn Aqucoiis and Soil Eniironmenls, 
p 466), it ma 5 be ®tated that specimens of steel have been expo od in sea water where 
sulfate-reducing bacteria were known to be prc«ent, and in fact, were found in the 
corrosion products which contained apprccnble percentages of iron sulfide The 
obsened rates of corro ion and pitting of such «tcel specimens fell within the normal 
range prcMou'Ij defined From this it may be concluded that t!ie action of 'uch 
bacteria is common to the exposure of steel m many localities It is po'^ible also, 
that if it were not for thefte organisms the corro'ion of steel would be reduced appre- 
ciablj bj the accumulation of corrosion products The action of the bacteria that 
grow beneath the original coating of corrosion products max «imp]> be to take the 
place of the excluded oxjgen m enabling the corrosion reaction^ to continue at the 
rates commonb ob«cr\cd 


.^ITIZSG A^D TUE EFFECT OF MlLE SCAlX 

The axerage rates sugge«ted do not take into account non^uniformitj of corroMon 
m the form of pitting The depth of pitting is influenced considcrabl> , especial]} 
during the early stages of exposure, b} the presence of mill scale So long as mill 
scale remains in place, it acts to accelerate corrosion at bare spots or breaks in the 
scale through the action of gahanic cells set up between the scalc-cox cred steel and 
the bare «teel The extent of this acceleration is detcnnincd rouglil} bj the relatix e 
areas of bare steel and «cale-coxered steel, since the effect is to concentrate all 
corrosion on the bare spots xvith comcquent increase in the depth of attack in such 
areas It lo ob-erx ed from Table I that the weight losses of ■scaled steeU are about 


the «ame as de«caled stecU under similar exposure conditions The gahanic action 
tends to become stifled m time through the dexelopmcnt of insulating calcareous 
deposits as a result of the cathodic reaction at the scaled surfaces These cathodic 
deposits function also to retard the remox al of «cale and therefore, serx e to prolong 
the gahanic action though at a reduced intensitx The extent of the acceleration of 
corro'ion bj mill scale and the relatixe area effect are illustrated by the data in 
Table 2 obtained by immersion of scaled steel specimens from which definite areas 
of the scale had been, remox ed prior to exposure 
It ma} be stated as a general rule that steel expo'icd with mill scale present xnll 
be pitted about three times as deeply as de'=ca!cd steel for short periods of exposure, 
"^uch a' a few months This ratio decrea<=es aa the exposure is prolonged and would be 
about 1.5 to 1 for a 10-jear exposure period It follows, then that the de«irability of 
remox ing mill •scale prior to exposure is greate^st when the thickne'^ of the steel is 
small and when pitting would result in failure of the metal to accomplish its purpose, 
eg m a pipe, tank, or other xes-el required to hold sea water Remox al is less 
important when the «ocfioa? ai;e reJatixeIx large, for pitting i then Jc-s important 
and the penod of expo‘'ure is likely to be long as xnth steel piling 
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Table 2. RELATIONSHIP BETWEEN AREA OF BARE METAL AND DEPTH ' 
OF ATTACK OF PARTIALLY DESCALED STEEL* 


Specimens Immersed in Salt Water for 4 Months at Fore River, Mass. 


Bare Area as Percentage 
of Total 

Ratio of Scaled to Bare Area 

Observed Depth of Attack 
in Bare Area, ipy 

5 

19 ; 1 

.045 

10 

9 : 1 

.035 

25 

■ 

.015 


* Data courtesy Malcolm Mosher, Bethlehem Steel Co., Shipbuilding Division, Quincy, Mass. 


The pitting factor varies bettveen scaled and descaled steel. It also varies with the 
incidental conditions and with the duration of exposure, that is, the longer the 
exposure, the lower the pitting factor. A normal pitting factor for exposures of about 
10 years would be about 2.5 for descaled steel, and 3.5 for steel exposed with mill 
scale. Applying these factors to the normal corrosion rate ns indicated by weight loss, 
the deepest attack on descaled steel would be about 0.015 ipy, and on steel exposed 
with mill scale 0.020 ipy over about a 10-year period. 

However, for short periods of exposure, e.g., less than a year, the rate of pitting 
might be as much as 0.04 ipy for descaled steel, and 0.1 ipy for steel exposed with mill 
scale. In view of the variability of the several factors that influence pitting, these 
suggestions as to what may be considered normal rates should be used primarily as 
, a basis for deciding whether there may be correctible causes for much higher observed 
rates of pitting, rather than for estimating probable life of steel under conditions of 
exposure that have not been investigated. However, they are probably better than a 
guess for the latter purpose. 

CoEROSioN AT Half-Tide Level 

Frequently corrosion of steel is most severe in the between-tides region and jusi 
above high tide where the metal is wet with salt water and salt spray in the presence 
of air. However, corrosion is not invariably gi-eater in these regions, since in many 
harbors there is enough pollution of the water by silt and oils and greases that float 
on the surface to keep tlie metal between tides coated with mildly protective fil ms 
A, typical example is provided by the data from tests in Southampton Harbor at 
half-tide level — line 55, Table 1 — as compared with data from tests on continuously 

immersed specimens of a similar steel in the clean water of the Bristol Channel line 

2, Table 1. The specimens at Southampton acquired protective deposits from the 
water which served to stifle attack. 

In the absence of such extraneous protection the ratio of corrosion between tides to 
corrosion below low tide will vary with the temperature.' In warm climates, the ratio 
will be high, since the higher temperature not only promotes the development of 
marine growths and calcareous deposits which tend to reduce underwater corrosion, 
but also accelerates attack in the absence of such protection in the tidal range and 
just above it. 

In view of the many disturbing factors, such as water and atmospheric pollution, 
it is not possible to assign any precise figures to show the normal ratio pf tidal to 
submerged corrosion. In temperate climates this ratio is not likely to e.xceed 2 to 1 
whereas in humid tropical climates it may reach 4 to 1. Pitting factors will not be 
quite so high as in submerged exposure, a reasonable value for about 10 years e.xposure 
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being 1 5 for de<;caled steel and 25 for steel exposed with mill scale present This 
leads to estimates of normal maximum rates of penetration of 0015 ipy for descaled 
steel and 0 02o ipj for scaled steel in temperate climates and double these rates in 
tropical climates 

In the ca.e of steel piling extending well aboie the water line, the moit severe 
corrosion often occurs in a zone that extends a foot or so from the top of the piling 
where attack ma> be about four times as great as on the rest of the piling It is 
suggested that this maj be connected with the fact that the rust takes the form of 
looseb bonded \ortical strata open at the top so that the space between the strata 
and the steel becomes in effect a resen oir for the corrosn e medium Further down 
the accumulated rust will ha\e a much better chance to dry out and act to some 
extent as a barrier between the underlying steel and the salt spray For this reason 
it IS good practice to apply caps oxer the tops of steel piling 

Attack at Mud Line 

Aftfiough quantitatixe data are not axaifabfe to the author there haxe been several 
reports of accelerated corrosion of steel piling in the region of the mud line This may 
be the result of oxjgen concentration cell action the scouring effect of shifting 'and 
or some peculiar acceleration of corro'ion bj sulfate reducing bacteria In anj event 
It would be m order where practicable to provide for extra corro ion m a region 
extending about 2 ft above and below the expected mud line This might be accom 
plished bj attaching pads bj welding m the cnjica! region The extent of corrosion 
to be provided for is not knovni defimtclj but is not likel> to be more than two to 
three times the normal rate of attack for cootmuous immersion m 'ea water 

Effect of ^ ELoan 

The corrosion of steel b> «ea water increases as the vclocitv merea«c3 The trend 
of the velocitj effect is illustrated bj Fig 1 winch «hows that the rate of attack la 
proportional to the velocity until some critical velocity is reached beyond which 
there is little further increase m corrosion The tests were made u«mg weighed 6-m 
lengths of mild steel pipe varying in 'ize from to 2 in ID connected in senes 
Sea water of 2£‘/o average salt content at about 23* C (73* F) was pumped through 
a recirculalory system with renewal of water twice a week The duration of the 
test was 36 day s 

This effect of v clocity in increa'ing corro'ion applies only when the 'teel is m free 
contact with the moving water Accumulations of fouling organisms will reduce the 
velocity at the metal wafer interface «o that corro.-ton will not be affected much by 
variations in the rate of flow pi't the attached organi'ms Macro-organi ms are not 
likely to become attached at 'tcady flow rates mitch above about 3 ft per see (1 meter 
per «ec) but once attached during periods of lower v elocitj flow, they may be able 
to retain i foothold and grow in conxact with water mov ing at much higher v elocities 
Furthermore films of bactenal 'lime are able to develop m contact with water 
moving at velocities too high for fouling by macro-organisms These slime films also 
function to prev ent an increase m corrosion with increa«e in v elocity Consequently it 
Is onh when conditions are such that neither macro organisms nor elime films are 
pre'ent that m increase m velocity will have the effect indicated by Fig 1 It may 
also be expected that beyond «ome enbeal xelqaty or degree of turbulence where 
macro-organisms and «lime films cannot pemst, there will be an abrupt increase in 
corro'ion rates 
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Prom corrosion test data and practical experience, it may be said that the normal 
corrosion of steel or iron piping handling sea water at the usual velocities and tem- 
peratures encountered in ships’ piping systems should not exceed 0.05 ipy. If rates 
of attack much higher than this should be encountered, a search for correctible causes 
is warranted. 


METERS PER SEC 



Fig. 1. Effect of Velocity on Corrosion of Steel by Sea Water at Atmospheric Temperature. 




Effect of Temperature 

Since there is little occasion to use steel in contact with sea water at elevated 
temperatures, reliable data on the temperature effect are scarce. It would be expected 
that rates of attack would increase with temperature to a maximum extent of doubling 
for about each 10° C (20° F) rise in temperature, whereas in the higher temperature 
ranges the rate of attack might be lessened by the deposition of protective calcareous 
deposits and by loss of oxygen from solution. In a particular test in a sea water 
evaporator at 80° C (170° P) steel was corroded at a rate of about 0.1 ipy in a short 
time test interrupted by occasional exposure to cold water. The indicated rate of 
attack was calculated only for the time at operating temperature. ' 


Effect of Welding 

Properly made welds resist corrosion by sea water as well as the parent metal ; stress 
relief annealing after welding is not necessary from the corrosion standpoint. The 
potential difference between unalloyed weld metal and adjoining unalloyed plate is 
negligible. Weld deposits slightly more noble than unalloyed plate may be obtained 
by incorporating small amounts, e.g., 2% of nickelj-in the-welding rod. Such low-alloy 
content weld deposits are given substantial galvanic protection by the surrounding 
unalloyed steel without detriment to the steel. Similarly, more highly alloyed welds, 
such as austenitic stainless steels, are given complete protection without serious 
acceleration of corrosion of carbon or low-alloy steel plates. Alloy steel rivets or bolts 
are protected in much the same' way as low-alloy steel weld deposits. 

Effect of CIomtosition 

Within ranges normally encountered the common constituents of steel do not seem 
to have any significant effect on corrosion by sea water. None of the common alloying 
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elements (with the possible exception of chromium) m amounts under 5% has any 
commercially significant effect on the underwater torro'ion of steel as measured by 
weight loss The corro'ion reaction appears to be controlled by external factors rather 
than bj the composition of the eteeJ 

Chromium has the greatest effect m reducing weight lo»s with the optimum amount 
being about 3%, since with more chromium pitting is increased 

With rc'pcct to pitting, the situation la different, since most of the common alloy 
steela rc'iot pitting -.ignificantlj hotter than unallowed steel or iron The most u.'eful 
alloy additions arc nickel, chromium nnd mobbdenum either with or without copper 
Copper it'elf has no appreciable effect on either weight loss or pitting Illastratnc 
data are proiidod m lines 26 to 31 and 66 to 79 of Table 1 
In •submerged exposure, also, the ano> steels benefit from galvanic protection when 
combined with larger areas of umllojcd steel, as m the case of welds, rnets, or other 
fa‘=tenings as de‘-cribed pre\io«sly 

Under conditions of partial or intermittent immersion, the nickel steels and other 
alloy •:teels which perform well in marine atmaspheres, as di'^cus ed in /Itmosp/icnc 
Corrosion o/ Iran, p 120, demonstrate commercially significant supenontj ov er carbon 
steel or copper steel 


ctsT ino\ 

The iron phase m ordinarj ca«l iron is ndocnblc to attack h> sea water to the 
same extent os low-aIlo> steel Ilowcicr the gnphite phaec m cast iron exerts a 
controlling effect on the extent and distribution of corro'ion after the first stages of 
attack 

In mo't instances the graphite is left mixed with iron corrosion products as a more 
or lc«8 compact lajer o\er the unattached iron To the extent that this la>er is 
impcrMous to water corrosion will cea«e or slow down If the lajer l? porous, corro- 
sion will be accelerated bj gahamc action between the graphite and the iron The 
usual result is continuous corro«ion at a rate not much different from the maximum 
penetration of «teel bj pitting For example, rolled steel condenser water boxes 1 in 
thick failed by pitting in 6 jear*, where east iron water boxes 2 m thick required 
replacement m 10 jears when graphitic corro ion (graphitization) had penetrated to 
an axerage of half waj through the 2 m section 

Eien after considerable graphitic corrosion has occurred, ca«t iron mav be able 
to function satisfactorilj as a container for salt water pronded the 6tre‘=ses are not 
too high as, for example in pipes, salves, and pump casings handling water at low 
pressure The lajer of graphite maj al-o be effective in reducing the galvanic action 
between cast iron and more noble allo>->, such a* for pumps fitted with bronze 
impellers 

Low-alloj’ content cast irons frcquentlj demonstrate superior resistance to graphitic 
corrosion, evidently as a re-ult of their more dense structure and the development of 
more compact and more protective graphitic coatings Highly allovcd austenitic cast 
irons* show considerable superiority over cast iron due m large part to the more 
noble potential of the austenitic matrix plus more protective graphitic coatings 
Illu«lrafiv e data are provided bj lines 45 to 51 m Table 1 

The casting skm appears to have no long-time effect on corrosion of cast iron bj' 
sea water A compari'on of "as cast” and machined pip<» specimens through which sea 
water was pa"cd at low v elocity for about a year showed a rate of attack of 0 013 ipy 
for the “as ca«t” specimens and 0 011 ipy for the machined specimens 


Ni Kesut. 
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COPPER AND COPPER ALLOYS 

In Tables 3 to 9 are assembled results of tests made by exposing specimens of 
copper and copper alloys to corrosion by sea water under natural conditions at 
several locations. It will be observed that, with the exception of those alloys suscepti- 
ble to dezincification, there is little practical difference in apparent durability under 
such conditions of exposure. Likewise, there is little practical difference in the extent 
of attack at different test sites, with the exception of polluted harbor waters in which 
attack is likely to be increased by sulfur compounds. Under the latter conditions, the 
high-tin bronzes, aluminum bronzes, and Cu-Ni alloys demonstrate an appreciable 
advantage over other compositions. 

All the copper alloys are given complete protection from corrosion when in low- 
resistance electrical contact with uncoated steel having an exposed area at least equal 
to that of the copper alloy. 

Of the various types of copper, arsenical copper (0.5% As) is most resistant to 
attack by sea water under conditions of alternate immersion, as at half-tide level.i 
Cu-Si alIoj'’s behave much like copper. 

Among the brasses, the best all-round performance under conditions of quiet immer- 
sion is likely to be given by alloys containing 65 to 85% copper. Alloys of higher 
copper content corrode at higher rates and are more susceptible to pitting and water 
line attack. Alloys of higher zinc content are more susceptible to dezincification. 
Dezincification of 3 mllow brass and Admiralty brass is suppressed effectively by the 
presence of small amounts of arsenic, antimonjq or phosphorus. (See Copper-Zinc 
Alloys, p. 69.) Larger amounts of these inhibiting elements are also helpful in the 
higher zinc alloys — e.g. Muntz metal and Naval Rolled brass. The presence of- 
aluminum in aluminum brass induces a degree of passivity which suppresses weight 
loss appreciably, and, under simple immersion conditions, results in localization of 
attack (usually shallow pits) in well-defined areas. 

The Cu-Sn alloj^s (bronzes) show good resistance to attack, with allo 3 ^s of higher 
tin content (8%) being definitely superior to those of lower tin content (5%). 

The Cu-Al alloys generall 3 ' are attacked less than other high-copper compositions, 
but in some instances have been found to be more susceptible to pitting. 

With the Cxi-Ni allo 3 "s, resistance to attack increases roughly in proportion to the 
nickel content.^ Attack is reduced also by the presence of small amounts of iron or 
aluminum. Although the effects of these elements are favorable under conditions of 
quiet immersion, they are most important where erosion is a factor. The Cu-Ni alloys 
demonstrate a special advantage over copper and other high-copper alloys in resisting 
local attack in the water line region. 

There is not much difference in the extent of attack on the various common bronze 
casting compositions under conditions of quiet immersion in sea water. However, the 
high-zinc alloys, commonly called manganese bronzes, are susceptible to dezincifica- 
tion under such conditions of exposure. 

Effect of Velocity 

Where erosion and other effects of high velocity imust be withstood, the tin 
bronzes are most reliable —- the tin content should be between 5 and 10% in cast 

’A. W. Tracy, D. H. Thompson, and J. R. Freeman', Jr., "The Atmospheric Corrosion of Copper,” 
Proc. Am,.Soc. Testing Materials, 43, 615 (1943). 

^ F. L. LaQue, “The Behavior of Niekel-Copper Alloys in Sea Water,” J. Am. Soc. Naval Engrs, 53 
(No. 1), 29 (February, 1941). 
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alloys A 12% tin alloy has been proposed for condenser tubes.^ Silicon bronzes and 
other compositions containing less than 5% tin appear to be unable to form ade- 
quately protective films in sea water at high velocity, especially when the water is 
warm. The extent of acceleration of corrosion by velocities high enough to erode 
protective corrosion product films is illustrated by tests on a low-tin (2.5%) bronze 
which was corroded at a rate of 0.0002 ipy in water flowing at 1 to 2 ft per sec (0.3 to 
0.6 meter per sec) and at a rate of 0.037 ipy when moved through the same water at 
20 ft per sec (6 meters per sec). 

The high-zinc manganese bronze compositions resist erosion very well, but suffer 
dezincification during contact with sea water at low velocity. This dezincification may 
be reduced by the presence of tin, by such inhibitors as arsenic, antimony, or phos- 
phorus, and by galvanic contact with substantial areas of steel. 

The ultimate performance of copper-base alloj^s is determined by the nature of the 
corrosion product films that they acquire, the adherence and continuity of these films, 
and their ability to form, be maintained, and survive under the action of the erosive 
forces associated with contact with sea water a(; high velocity. Effects of velocity are 
complicated by the presence of entrained air bubbles which generally aggravate film 
erosion and by temperature which also accelei’ates film breakdown and corrosion. 
However, there is also some evidence that certain compositions, such as high-tin 
bronzes, aluminum brass, and Cu-Ni alloj's, form and maintain protective films more 
readily when the water contains dissolved and entrained air, so that with these com- 
positions the presence of substantial amounts of air in the water may actually be 
helpful. The presence of iron corrosion products in sea water also helps these alloys 
in the formation of protective films.^ 

Among the brasses, resistance to erosion or impingement attack increases with the 
zinc content of the alloy. Yellow brass is better than red brass. The presence of 1% 
tin in Admiralty brass and Naval Rolled brass results in a slight improvement in 
resistance to dezincification. Much greater resistance to impingement attack is pro- 
vided by aluminum brass® (22% Zn, 2% Al) which usually contains arsenic, antimony, 
or phosphorus to avoid dezincification. Aluminum brass has been found to perform 
very well in contact with polluted harbor waters, as in the case of steam power plants 
using polluted tidewater in condensers.’^ 

Anti-Fouling Characteristics 

As discussed elsewhere, copper and high-copper alloys frequently are anti-fouling. 
This characteristic is associated with their corrosion, since it has been established that 
' in order to suppress fouling through either a toxic effect or sloughing off of organisms 
along with non-adherent corrosion products, it is necessary that a certain amount of 
corrosion take place. There is evidence that the required corrosion to prevent fouling 
is that which will yield copper in corrosion products at a rate of about 5 mg of 

* A. H. Hesse and J. L. Basil, “Nickel in Bronze. The Effect of Replacing Tin by Nickel on the 

Porosity, Mechanical Properties and Corrosion Resistance,” J. Am. Soc. Naval Engrs., 56 (No. 1) 44 
(February, 1943). ' 

* J. Chapman and J. W. Cuthbertson, "Corrosion-Resisting Properties of Bronze Condenser Tubes,” 
Parti. Resistance to Sediment and Impingement Attack," J. Soc. Chem. Ind., 58 (No. 3), 100 (March 
1939). 

® R. May, "Condenser Tube Corrosion. Some Trends of Recent Research,” Trans. Inst. Marine Engrs 
49 , Part 8 (1937). 

® R. May, "Eighth Report to the Corrosion Research Committee of the Institute of Metals,” J. Inst, 
Metals, 40 (No. 2), 141 (1928). 

’ C. W. E. Clarke, A. E. "White, and C. Upthegrove, "Condenser Tubes and Their Corrosion." Trans. 
Am Soc Mech. Engrs., 63, 513 (1941). 
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copper per =q dm of surface per 24 bouis^ ^\jth rates of copper solution less than 
this laJue fouling is hkel^ to occur to an increasing extent as the rate of solution of 
copper decreases It has been obscr\cd also that copper allojs that contain aluminum 
are especiallj likelj to foul either becau e of lower solution rates or becau c of some 
specific effect of aluminum m the corro ion products® 

Since limitations of «pace do not permit a suflicientl> d tailed di'Jcus«ion of all the 
factors that maj influence the choice among copper allots for particular scnices an 
effort has been made to proMde some conden ed qualitative information in Table 10 
referring particularlj to the use of uno>s where erosion and dezincification are impor 
tant factors as in condenser 'crvice and salt water piping 
“Wuh particular reference to condenser tubes and salt water piping especially on 
board ship av ord of caution is warranted It i> prudent to assume that velocities well 
above tho e figured from average requirements maj be encountered frequentlj on 
occasions of concentrated deman L> for vrater eg in «anitarj lines and in fire lines or 
as a result of imperfect distribution of flow through tubes in a condenser For this 
reason it is de«irablc to prov ide materials able to witlistand ero ion at v elocities well 
above the expected av engo water velocilj 
Under conditions of intermittent exposure to «ea water as between tides copper 
and high copper allo>» are likcl> to be corroded slightly more than when contmuouslj 
immersed \\hcn there is a vroll-defincd water line these allojs are likely to suffer 
accelerated attack in this region The high zinc bras es aluminum bronzes and Cu Ni 
allojs are corroded lc«s under conditions of intermittent immer'ion tl an when con 
tmuouslj immersed The«c allojo al o arc less susceptible to water line attack 


NICKEL \ND NICKEL ALLOYS 

Pure nickel is passiv e m «ea water and is subject to rather sev ere local attack under 
fouling organi ms or other deposits that maj set up oxjgen concentration celU m sea 
water at low velocitj The heat hardcoable nickel* ** >eha\ es much like ordmarj nickel 
and its performance is not altered bj the heat treatment used for hardening the 
alloy Doth ordinarj nickel and heat hardenablc nickel are highlj resistant to 
impingement attack and erosion and perform well in eea water at high velocitj 
The Cr 77^% Ni alloj f is aLo subject to severe local attack under marine 

orgam ma and other depo. its and although it restate era.ion and impingement attack 
very well it i» not particularlj well « uled for Use under conditions of quiet immersion 
m sea water At the «ame time the allov demonstrates outstanding resistance to 
attack and di coloration bj marine atmospheres 
The general effect of nickel content on the corro ion of Ni Cu allojs is to reduce 
total corrosion as the nickel content is increased I\ith nickel contents up to about 
40% the effect of nickel i» suppo edij to favor the formation of protective corrosion 
product films which develop quickly and repair themselves rapidly after damage The 
formation of the'e films is aided considerably bj the presence of small percentages 

• Z N ckel 
t IneoneL 

® F L. LaQue aod W F Clapp Relat onsh ps bet»«ea Com>« oa and Fouling of Copper-N ckel Alloj s 
in Sea Water Trans EUcIrochem Sac 87 103 (1W5) 

•C LBuloa Corrosion and B ofoul ng of Copper-BaaeAHoj a nSea Water Tram EUcIrochem Soe 
87 127 (194o) 

** F L LaQue “The Beha ^or of rTcVel-CopperAlloyB in Sea Water J Am Soe Natal Enfrs S3 
(No 1) 29 (February 1941) 
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of iron or aluminum. The alloys containing less than 40% nickel are discussed along 
with the other copper-base alloys (p. 393). 

With nickel contents higher than 40%, the alloys demonstrate passivity which also 
is favored by the presence of iron or aluminum. Under conditions of quiet exposure 
where marine organisms may become attached, this passivity may be destroyed at 
areas of contact with the organisms so that local attack (pitting) occurs. In the case 
of 70% Ni-30% Cu alloy and other alloys containing less than about 70% nickel, such 
local attack slows down with time. For example, the depth of pitting observed after 
exposure for 5 years was only slightly greater than after two years. For Ni-Cu alloys 
containing more than 70% nickel, local attack is likely to progress so that these 
materials are not desirable for use in sea water at low velocity. In the early stages of 
exposure, local attack on 70% Ni-30% Cu alloy and other high-nickel alloys is least 
in the case of hot-rolled material exposed either with the mill scale in place or after 
removal by pickling. Local attack develops most quickly on cold-rolled or other highly 
finished surfaces, but, as mentioned above, slows do^vn soon after the surface layers 
have been penetrated. 

The 66% Ni-29% Cu-2.75% A1 alloj'* performs about like 70% Ni-30% Cu alloy 
in resisting corrosion by sea water. Its resistance to attack is not changed by the heat 
treatment used to harden it and it is not necessary to remove the thin scale resulting 
from heat treatment in order to maintain corrosion resistance. 

Resistance to erosion and impingement attack increases with the nickel content of 
the alloys and reaches a very high level in the 70% Ni-Cu alloys. Addition of 
aluminum improves the erosion resistance of all Cu-Ni alloys. Cast 70% Ni-30% Cu 
alloy and cast 63% Ni-30% Cu-2% Fe-4% Si alloy specimens moved through sea 
water at a velocity of 20 ft per sec (6 meters per sec) were corroded at a maximum 
rate of 0.0016 ipy. Such high resistance to erosion accounts for the good performance 
of these alloys as used for propeller shafts, propellers, pump impellers, pump shafts, 
valve trim, hull fastenings, eductor-nozzles, and the like. 

The 70% Ni-30% Cu alloys show a relativel 5 ' noble potential in sea water and are 
given substantial protection by practically all the materials with which they may be 
combined in service. This, along with their inherent resistance to impingement attack 
and erosion, accounts for their choice as valve seat -materials in^salt water valves, 
especially when these are used for throttling and the velocity of flow over the valve 
seat surfaces may be very high. 

Welds of all types on Ni-Cu alloys resist corrosion as well as the parent metal. 
Neither the heat of welding nor internal stresses that may be associated with welding 
operations have any detrimental effect on corrosion resistance. The 70% Ni-30% 
Cu alloy is a satisfactory material for welding 70% Cu-30% Ni alloy for use in sea 
water. 

When nickel is alloyed with substantial amounts of chromium and molybdenumt 
exceptional resistance to attack by sea water results. This includes freedom from local 
attack under marine organisms or other deposits and extends to exposure at high 
velocity. Consequently, these alloys may be considered as the most reliable materials 
for exposure to sea water over the broadest range of exposure conditions. 

The Ni-Mo-Fe alloys which do not contain chromiumt are corroded somewhat 
more than nickel, but are less subject to local attack. They are not outstandingly 
resistant to sea water corrosion, and, consequently, have not been used extensively 
for this particular purpose. 

* “K” Monel. 

t As in Hastelloy C and Illium. 

t Hastelloys A and B. 
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The 36% Ni-Fe alloy* is superior to binary allojs of iron with other elements with 
respect to ov erall corro ion and pitting but demonstrates no adv antage over Ni Cu 
alloys which are used much more cxten^ncly to resist «ea water attack 
Some illustrative data are assembled jn Tables 31 12 and 13 


ALUMINUM AND VLUMIVUM ALLOYS 
Pure aluminum and stronger allots containing magnesium or magnesium and 
silicon demonstrate good resistance to corro ion faj <ca water and marine atmosphereo 
The high strength allojs that contain copper are definitely less corrosion resistant 
but may be protected adequatelj by cladding with pure aluminum eg Alclad 
2}'5Tt wli h 1 ar! widtlj m the con«trittion of fljmg boats 
Typical results of exposure of specimens of wrought allojs immersed either con 
tinuouslj or alternately as at half tide level are shown m Table 14 
The cl 1 1 alloj s arc mo. t resistant 52S is next S3S and 61S follow t Tlic copper 
allojs 17ST and 24ST suffer considerable attack and ordinarily should not be used 
in salt water except when protected m special wajs 
As IS the case with the wrought alloj* castings that conLam magnesium manganese 
or silicon singly or together arc preferred over tho c which contain copper as the 
principal alloj mg element 

Preferred methods of protecting aluminum an 1 its allojs from attack bj sea water 
arc d&«cribcd eLtwlcre m tin. book ( ce p 49) \luminum applied a a sprajed 
metal coating provides exccltcnt protection to steel immersed in sea water Coatings 
10 mils thick have prevented corro ion under conditions of immersion for over 
five years 


MAGNESIUM AND MAGNESIUM ALLOYS* 

As in other corrosive media the behavior of magnesium and its allojs m sea water 
js determined pnaetpaih h) t) e purity of the alloy particularly with respect to iron 
nickel and copper which should not be pro ent in more than trace amounts Tor this 
reason previou Ij available data from te«ls on impure compositions must be dis 
carded m appraising the ability of magnc-sium to resist sea water corrosion 
Although it is unlikely that magnesium would be exposed to sea water without 
some protective coating some illuotrativc data obtained from half tide exposure 
of bare specimens are given m Tabic lo The Dow 7 and 8 chemical treatment § 
afford some improvement in corrosion resistance More detailed information on 
surface trcatment-s and painting of magnesium alloys wall be found on pp 241 2oI 
an 1 SG4 

^\ith the ca-st allojs maximum resistance to corro ion is provided in the as cast 
condition Solution heat treated metal is definitely infenor wl ereas aging restores 
part of the corrosion resistance lo»t bj the solution heat treatment 

t Code numbers and correepond ng compos t odb art p en in Table 1 p 39 
t Add t onal data appear in Table 3 p 22t and on p 223 

|No 7 treatment (same aa type III treatment p SC4) nTohea contact with 15-20% HF or 5% sodium 
potassium or amraon um ac d fluonde followed bjr immers on in bo 1 ng 10-15% r>a*CrjO and final nns 

No 8 treatment involves inuners on in 15-20% HF followed by 45-nun mmer* on in abo 1 ng aolut on 
conta mng (NHOjSO*. Na CnO; and NH,OH and finally 15-inSn treatment in a bo ling 1% aolut on of 
aisenusos de. 
























Tahuj 12 RESULTS OT EXPOSURE OP NiCu ALLOYS (MONELS) TO CORRO'^ION BY SEA WATER 




Table 13. RESULTS OF EXPOSURE OP SOME NICKEL ALLOYS TO CORROSION BY SEA WATER 

Continuous Immersion 
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Table 14. nilSULTS OP EXPOSURK OP ALUMINUM AND ALUMINUM ALLOYS TO CORROSION BY SALT WATER 
Sheet Specimcni — 7 0 X22$ XOlOcm (3 XO XOOOt in ) 
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Table 14. RESULTS OF EXPOSURE OF ALUMINUM AND ALUMINUM ALLOYS TO CORROSION BY SALT WATER— Conh'nued 

Sheet Specimene — 7.6 X 22.8 X 0.16 cm (3 X 9 X 0.064 in.) 
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; 


'Exposed as polished bar IH in. diam., 22 in. long t Exposed as polished bar 1 % in. diam., 22 in. long. 

Weight loss — 47.3 grams. Weight loss — .15 grams. 

Corrosion rate — G.5 mdd. Corrosion rate — .03 mdd. 

Equivalent penetration — .0034 ipy. Equivalent penetration — .00002 ipy. 
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Of the wrought alloys, the 6.5% Al-1% Zn (AZ61X) composition (J-1) is considered 
best for sea water exposure. Its advantage over the 1.5% Mn alloy (Ml), although not 
disclosed by the data in Table 15, is less susceptibility to pitting. The AZ61X alloy 
also can be protected by paint more readily than can the Ml alloy. 


STAINLESS STEELS 

When it occurs, the corrosion of stainless steels by sea water is always localized 
either as pits distributed at random or at cut edges, or as attack in crevices (contact 
corrosion) such as may be formed by fouling organisms, deposits, packing, and at lap 
joints or other faying surfaces. 

Effect of Composition 

Differences between types of stainless steel are related principally to the probability 
of pitting or the number of pits in a given area, although the best compositions tend 
to be attacked to a lesser depth, as well as less frequently. ^ 

From the results of a large number of tests of a variety of stainless steel com- 
positions, the data shown in Table 16 have been selected to provide what is believed 


Table 16. TYPICAL KESULTS OF TESTS ON STAINLESS STEELS IN SEA 
WATER AT LOW VELOCITY UNDER CONDITIONS PERMITTING 
ATTACHMENT AND GROWTH OF MARINE ORGANISMS 


Alloy 

AISI 

Type 


Composition 


Duration 
of Exposure, 

■VVeieht Loss in 
Grams per Day 

12 in. X 12 in. 
Specimen 

Maximum Depth 
of Fitting, ipy 

No. 

Cr 

Ni 

Mo 

C 

days 

13%Cr 

410 

13.75 

.22 


08 

388 

.30 


17% Cr 

430 

17.28 



.10 

568 

.18 

.069 

IS%Cr- 

1 








9%Ni 
18% Cr- 

304 

18 5 

9 01 


.05 

685 

.01 

.069 

10% Ni 









wnth Mo 

316 

18.8 

10.2 

2.74 

.05 

1923 

.007 

.007 

25% Cr- 









20% Ni 

310 

24.0 

21.0 


12 

988 

.013 

.007 


to be a suitable basis of comparison among some of the standard alloys. These data 
refer to tests made at one site (Kure Beach, N. C.),'and, although the duration of 
exposure was not the same for each composition, those exposed for the longest periods 
were in test with the others so that the results are truly comparable. 

The data in Table 16 refer to adverse conditions of exposure, that is, continuous, 
complete, or partial immersion in stagnant or slowly moving warm sea water under 
conditions where marine organisms may become attached and accelerate corrosion 
either directly — by establishing crevices — or indhectly through the corrosion accler- 
ating effects of decomposition products after the organisms die. 

It will be noted that the best performance under the adverse cgnditions described 
may be expected from stainless steel which contains molybdenum in addition to 
chromium and nickel. Such compositions also represent the best choice of stainless 
steel for sea water service under more favorable conditions — as at high velocity — 
since there may occasionally be exposure at low velocity or other unfavorable condi- 
tions where the benefits of superior corrosion resistance will be needed. 
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The weight loss and pitting data of Table 16 do not suffice to define the resistance 
of the alloys to attach by sea water Depending on such factors as water temperature, 
\clocity and the t>pcs of fouling organism encountered rates of attack either lower 
or higher than tho'C indicated may be experienced Nevertheless, the relatn o beha\ lor 
of the different compositions is not likely to be altered The alloys indicated as best 
by thc«o data arc most dependable 

In Mew of the tendency of the allots to corrode by pitting, and for rates of pitting 
with the better compoaitions, to decrease with time it is desirable to use as heavy a 
gage as practical circumstances permit Tor example, if other considerations should 
require the ii^e of stainless steel for tubes m heat exchangers employing salt water as 
a cooling medium, the preferred composition of tubes would be AISI Type 316 
Cr-Ni Mo alloy and tlic preferred minimum gage would be 0078 in 

Effect or Velocity 

The stainless steels perform much better when in contact with sea water at high 
NclociUc- c K o%cr 5 (I per v-ec (1 5 metm per sec) In a particuhr cn-^e, duplicate 
specimens of Tjpo 31G stainless steel %^hlth contained about 17% chromium 12% 
nickel and 2 4% niol>bdcnum were cxpo:>ed simultaneous^ to relatively quiet sea 
water and to the same water as it flowed past the specimens at 4 to 5 ft per sec in 
a channel At the first test location the specimens become covered with marine 
growths whereas in the faster water onl> a few organisms became attached After 
exnosure for 13 months the two «cts of specimens were attacked as shown in Table 17 

Table 17 BEHAVIOR OF Mo 18-8 (TYPE 310) STAINLESS STEEL IN SEA 
)\ATER AT LO^\ "NFLOCITI WITH POULING, AND AT HIGH VELOCITY 
WITH PRACTICALLY NO FOULING 
Duration of Exposure — 13 Ylonths 


ConditioQ of Exposure 

Weight Lom of 8 X 12 X in 
Specimene grams 

Maximum Depth of Pitting 
inches 


I 

2 

Mean 

. 

2 

Mean 

In quiet water where heavy foul I 
ing occurred I 

0 

ir 

13 

105 

010 

073 

In water flowing at 4 to 5 ft per| 
aec (1 2 to 1 5 meters pgr »co)' 
with little fouling 1 

0 

0 

0 

OW* 

ooo 

002 


• Single shallow pil 


It IS evident that the corroaive conditions in the faster-flowing water were much 
more favorable to the stainless steel This was probably due to the absence of 
adherent orgam-^ms or other deposits It is also evident that results of exposure tests 
of stamle's steel under conditions of contact with salt water at low velocity, such as 
are covered by Table 16 provide no measure of ability to resist attack at higher 
veloaty and vice versa When using stainless steel in salt water, an effort should be 
made to provide conditions similar to those covered by the tests in sea water at 
high velocity 

Examples of applications under favorable velocity conditions are pump impellers 
in fairly continuous operation, and tubes and piping through which sea water flows 
continuously at high velocity Stainless steel impellers have been found to be par- 
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ticularly satisfactory in pumps handling polluted harbor waters, especially when 
hydrogen sulfide, which accelerates attack of copper-base alloys, is present. 

Referring again to the example of the stainless steel heat exchanger, it would be 
preferable to have the ^ater flow through the tubes at a velocity of at least 5 ft per 
sec rather than through a shell around the tubes, since, under the former conditions 
of operation, the desired velocity of flow over the alloy surface could be assured 
most readily. Likewise, it would be desirable to maintain the flow of water as con- 
tinuous as possible and avoid long shutdown periods with the alloy tubes in contact 
with stagnant salt water. 

Effect of Finish 

Under the unfavorable conditions associated with exposure to sea water at low 
velocity, the performance of austenitic stainless steels is not improved by providing 
a very smooth finish or high polish. There is some evidence to indicate that where 
marine organisms and other deposits cannot be avoided, a relatively rough pickled or 
sandblasted finish is to be preferred over a smooth, bright finish, since, with the 
rougher finish, although the number of points of attack may be greater, their depth 
is likely to be less than for the relatively few pits that may develop from a polished 
surface. Furthermore, protective calcareous deposits adhere more firmly to the 
rougher surfaces.' 

A very smooth finish is of no help in preventing attachment of marine organisms. 
However, a smooth surface is desirable for exposure to sea water at high velocity, 
since it will be less likely to hold deposits that might initiate local attack. 

Effect of Welding 

The corrosion resistance of properly made welds has been found to equal that of 
rolled plate of the same chemical composition. THe alloy used for welding rod should 
always be of a composition equal to, or superior to, that of the base metal with 
respect to resistance to sea water attack. Welds should be made and finished carefully 
so as not to leave craters or fissures that might become the seats of local attack. 

The alloy in the heat-affected zone adjacent to weld deposits or at cross welds may 
be attacked at an accelerated rate unless the stainless steel contains a stabilizing 
element, such as columbium or titanium, or has been heat-treated by rapid cooling 
from about 1075° C (1950° F) after welding, or after other heat treatment operations 
in the critical temperature range between 475° and 750° C (900° and 1400° F). Neither 
columbium nor titanium used as stabilizing elements appears to have any effect on 
the overall susceptibility of the stainless steels to corrosion or pitting by sea water. 

Tests of high-speed spot (shot) or seam welds in thin gage high-tensile stainless 
steel have shown no preferential or accelerated attack of such welds or the alloy 
adjacent to them. In these cases, of course, there was no heat treatment after welding. 

Galvanic Relationships 

Stainless steels are normally passive in sea water and exhibit a relatively noble 
potential. However, any pits that develop on stainless steel surfaces will be in the 
active condition and behave galvanically as indicated by the positions of the “active” 
stainless steels in Table 18. These active areas are subject to acceleration of their 
corrosion by metals and alloys below the “active” positions of stainless steels in 
Table 18, including the stainless steels of the same composition in the passive state. 
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Table 18 GAL\AMC SERIES IN SEA 1\ATER 


Magnesium 
Magnesium alloj'v 

Zinc 

Galvanued steel or galvanued «rouglit iron 

Aluminum 52SH* 

Alunuoum 4S 
Aluminum 3S 
Aluminum 2S 
Aluminum 53S-T 
Alclad 

Cadmium 

Alununum A17S-T 
Aluminum 17S-T 
Aluminum 24S-T 

^I^ld iteel 
" rought iron 
Cut iron 

13^ chromium stainless steel, t^pe 410 (arftae) 
£0-50 lead tu solder 


15- 8 stainless steel type SOI (ocltce) 

16- 8 Mo stainless steel type 310 (octtK) 


Nickel (ocftM) 

78*^ Ni 13 Cr-0% Fe (Ineonel) (orfiw) 

bellow brass 

Admiralty brass 

Aluminum bronze 

lied brass 

fiikcoo bronze 

&% Zn 20% Ni Bab Cu (Ambrac) 

70% Co-30% Ni 

8S% Co 2% Zn 10% Sn (Compoeilion 0 bronze) 
8S%Cu 3%Zn-<j.0%8o-l 5%Pb(Co(np 51*bronze) 

SmIcI (yosnre) 

78% Ni 13 5% Cr-C% Fe (loeoneli (pasrspe) 

70% Ni 30%Ci» (MobsD 

184 suinleas stsel type 301 (fauns*) 

184 3% Mo staiblses steel type 316 (poznsc) 


Lead 

Tin 

Muntz metal 
htaoganesc bi 
Naval brass 


* Aluminum eode numbers and eorreeponding compositions are listed la Table 1 p 39 


Steel, 21 QC, and alumiaum arc Ic&t noble than actnc stamle^t «tcel, so that tTbca 
fitainless steel u m metallic contact «ith them, it maj be expected to recene gahamc 
protection to an extent influenced bj the relatirc area of the metal- int ohed E'en 
under the unfa' orable conditions of exposure to sea 'vater at low ^ clocitj , IS-S stain- 
leso ®teel (Tj pc 364) has been found to remain unattacked and free from pitting when 
m contact with an equal area of carbon steel, alummum, or gal\ anired steel Similarly, 
13% cbromiuin steel impellers baie performed well in pumps with cast iron casings 
handling brackish harbor water 

An area of carbon steel equal to that of the 6tamlc_s steel is ordinarily sufficient 
to protect the latter from corro«jon by sea water The protecli\ e effect of smaller 
areas of steel la uncertain and probably should not be depended upon, especially since 
gah attic corrosion of the steel will be accelerated to an intolerable extent as its relati' e 
area is decreased Similarly, reJatnely small areas of copper-base alloys especiaUy 
brasses, will «uffer se'ere acceleration of corrosion when coupled with large areas of 
vtamless steel Bra«s fastenmi^ should not be lued to join large stainless steel sections 
The re'er®e relationship, that i,, of a small area of stainless steel with a large area of 
carbon 'tee!, is quite satisfactory, as for example, stainle-s «teel fa'tenmgs m steel 
assemblies, or stainless steel welds on steel plate- In the«e the relatn ely little gah amc 
corroMon of the carbon steel has not been found to concentrate in the immediate 
Mcmity of the contact, but tend> to become diA-ipated O'er the relati' ely large area 
of expa ed carbon steel Austemltc stainleso steel 'void-, e g , 25% Cr-20% Ni, m 



Table 19. RESULTS OF EXPOSURE OP MISCELLANEOUS MATERIALS TO CORROSION BY SEA WATER 

Continuous Immersion 
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carbon steel or low-ailoy steel plates have remained completely free fronT attack 
after exposure in slowly moving sea water for several years 

MISCELLANEOUS MATERIALS 

In Table 19 data have been collected on the performance of several additional 
metals and alloys exposed to natural eea water Ztnc coatings, such as are produced in 
galvanizing provide considerable protection to steel This effect includes galvanic 
protection which persists until most of the zinc is gone, and aHo serves to prevent 
pitting of the steel while zinc remains It may be expected that under ordinary con- 
ditions of exposure to sea water at low velocity, protection of steel by zinc is effective 
over a period equivalent to about one >ear for each one thousandth of an inch (1 mil) 
of zinc thickness or a little less than one jear per ounce when coatings are measured 
in ounces per square foot of sheet 

Zinc also provides effective protection when applied as a sprayed coating In a 
particular case a spraved coating 10 mils thick prevented corro.sion of steel immersed 
in sea water for about 5 years 

The usual impurities m rolled or ca«t zinc have no significant effect on normal 
corrosion b> «ea water Their effect appears of greatest practical ‘significance in the 
use of "zincs" for galv aaic protection in eea water In this serv ice, the purer the zinc 
the greater will be the output of protective galvanic currents over an extended period 
of expasure 

Both lead and tin, as well as Pb-Sn alloys arc highlj resi'tant to attack by eea 
water at low velocitj Lead is <ubject to erosion bv eea water at high velocitj but 
tm resists such action very well and contnbutes this propert> to the Pb-Sn allojs As 
a result, the 60% Pb-40% Sa alfoj is commonly applied to copper to protect Jt from 
attack by sea water at high velocit> Such "tm" coatinp should be applied in «ub* 
stantial thickno s by "wiping’ rather than b> dipping since the very thin«dipped 
coatings raa> be imperfect or are rcadilj damaged so as to expo'e bare copper Such 
exposed copper suffers soverelv accelerated attack espociall> when in contact with 
sea water at high velocitj Coa«cquentlj, thin “tm" or 'older coatings on copper are 
likeh to be wor-e than none at all 

The Co-Cr-W* allovs are highly resistant to attack by sea water although they are 
gii'ceptiblo to appreciable local corrosion in cracks or crev ices 


GALVANIC EFFECTS 

Since sea water is a good electrolji-ic conductor and since it is common practice 
to combine dissimilar metaU and allovs in structure' expo ed to sea-wafer attack, 
galvanic corrosion is encountered qmfe frequently 
Galvanic action in 'ea water follows the general laws of galvanic corrosion as 
di cus-cd in detail beginning p 4SI However, the calcium, magne'ium, and strontium 
pre'ent m sea water tend to precipitate as carbonates on cathodic surfaces The effect 
of such precipitated depo'its, plus heavy growths of manne organi«ms, is to stifle the 
galvanic effect and to dMribute the galvanic protection over larger areas of cathodic 
surfaces than would he the ci'e in their ab'ence Marine growths al-o tend to dis- 
tribute gall anie action oi er the anodic sarlaces bj interposing a common resistance 
which reduces the relative importance of the initial resistance of the electrolyte 
On the ba'is of practical expenence and experimental observations, a chart has 


Stellites. 
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been constructed as a qualitative guide to what may be expected when different 
metals and alloys are combined with different area relationships in sea water exposure. 
Both in the chart and in Table 18 the common materials have been arranged in a 
galvanic series with respect to sea water. In the case of active-passive materials, like 
the stainless steels, it has been assumed in the chart that these alloys may suffer 
accelerated corrosion when in contact with all materials more noble than their active 
state and that they may accelerate corrosion of all materials less noble than their 
passive state. In other words, the chart tends to err in the safe direction. 

bi6fouling characteristics op some common metals and alloys 

In Tables 20 to 22 (pp. 427-429) a number of common metals and alloys are listed 
with respect to their tendency to become fouled when exposed in natural sea water 
under what may be considered severe fouling conditions. Where the environment is 
less favorable to the fouling organisms, it may be expected that those alloys which 
show variable fouling tendencies will be shifted to the non-fouling gi'oup, whereas 
exceptionally bad fouling conditions will shift them to the group most likely to foul. 
All listings are based on actual observations of the alloys, or ones like them, after 
e.xposure to natural sea water under conditions where the vulnerable materials were 
fouled severely by most of the common fouling organisms, including Balanus 
(barnacles), annelids, Bryozoa, hydroids (Tubularia) , oysters, mussels, and algae. 

All the alloys that are listed as being not likely to foul contain copper as an essen- 
tial constituent. Observations have shown also that in order to remain free from 
adherent fouling organisms, such materials must be corroded sufficiently to release 
copper as a corrosion product at a rate of more than 5 mdd of exposed surface. This 
is equivalent to thinning at a rate of about 0.001 ipy. 

Whenever conditions of exposure are such as to prevent release of copper above 
this critical rate, fouling will then occur. Factors likely to cause this suppression of 
corrosion and subsequent fouling include ; 

1. Galvanic protection as a result of metallic contact with a substantial area of 
some less noble metal or alloy, e.g., iron or zinc. 

2. The development of calcareous deposits which stifle attack by sea water. 

3. The formation of adhei-ent corrosion product films which may lower the copper 
solution rate below the critical value upon prolonged exposure. Occasional 
exposure to the atmosphere and drying out of the corrosion product films may 
increase their protective effect and thus promote fouling. 

4. Dezincification type of corrosion reaction in which copper released does not 
persist in the ionic form and may be kept from redissolving by galvanic action 
of the alloy corroding under the layer of copper. 

5. The 'accidental or deliberate coating of the surface with films, such as oil or 
grease, which stifle corrosion and allow fouling to occur during the early stages of 
exposure. 

In addition to copper and its alloys, there are some other metals that remain free 
from fouling because of the continual sloughing off of marine organisms along with 
corrosion products to which they are attached. Zinc acts in this way when its corro- 
sion is accelerated by contact with substantial areas of steel or other more noble 
metals. Cadmium, aluminum, and magnesium probably would behave in the same 
way. 

While it must be remembered that the following classifications are oualitative. it is 
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SPECIAL TOPICS IN COHROSION 
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Table 20 METALS AND ALLOYS LEAST LIKELY TO FOUL 





Nominal Composition, % 



Material 








Cu 

Zn 

Sn 

Ni 

Pb 

Pe 

Other 

Admiralty brass 

70 

29 

1 





Admiralty brass with As 

70 

29 

1 




As 0 05 

Admiralty brass -with Sb 

70 

29 

1 




Sb 0 05 

Admiralty brass with. P 

70 

29 

1 




P 0 02 

“Adnic” 

70 


1 

29 




**Ambrac" 

75 

5 


20 




Arsenical copper 

99 5 






AsO 3 

Beryllmm copper 

Brasses contaimng more than G5% 

97 4 



0 25 



Be 2 3 

Cu 

Brasses containing Sn and more 

>G5 

<35 






than 80% Cu 

>so 

Bal 

1-2 5 





Bronzes — tin 

>so 


<10 





Bronze — Comp G 

88 

2 

10 





Bronze — Comp M 

88 

3 1 

0 5 1 


1 5 



Bronze — nickel 

>80 

1 

1 

1-10 




Cartridge brass 

70 

30 






Chain bronze 

95 

1 

5 





Commercial bronze 

90 

10 

1 





Copper 

Cu-Ni Alloys containing less than 

99+ 

1 


1 





30% Nj and less than 0 15% Fe 

>70 



<30 


<0 15 


“Duronze” 

97 


2 



Si 1 

Si 3 

"Everdur" 

06 






Tree-auttmg leaded brass 

>65 

Bal 



1 5 


German silver 

04 

18 


IS 



1 

Gliding metal 

96 

4 





Government bronze 

88 

2 

10 





Gun metal 

88 

2 

10 





Hard^ are bronze 

89 

9 






“Herculoy” 

Low brass 

Ni-Cu alloys containing less than 

96 

80 

20 

0 5 


1 


Si 3 25 

30% Ni and 0 15% Fe 

>70 



<30 


<0 15 


Nickel silver 

64 

IS 


18 



Olympic bronze 

9G 5 

1 




Si 2 75 

Ounce metal 

85 

5 

5 




Phosphor bronze 

Bat 


4-10 





P M G bronze 

95 5 





Si 3 

Red brass — cast 

85 

5 

5 



1 5 

Red brass — wrought 

85 







Rich low brass 

Silicon bronze 

85 

97 

15 





Si 3 
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felt that they will be useful to those who wish to choose from a group of otherwise 
suitable materials those most likely to demonstrate the fouling or anti-fouling 
characteristics desired in a particular application. 


Table 22. METALS AND ALLOYS SHOWING CONSIDERABLE VARIATION 

IN FOULING TENDENCY 


Material 



Nominal Composition, % 



Cu 

Zn 

Sn 

Ni 

Pb 

Fe 

Other 

Brasses containing less than 05% Cu 

<05 

Bal. 


• • • • 



• • • . 

Bronze — Manganese 

.58 

40 





Mn 2 

Commercial brass 

6,5 

35 






Common brass 

Cu-Ni alloys containing less than 

05 

3.5 






30% Ni and more than 0,15% Fe 
Cu-Ni alloys containing 30 to 40% 

>70 



<30 


>0.15 


Ni 

00-70 



30^0 



.... 

High brass 

0.5 

35 

.... 





Leaded high brass 

G.5 

34 



1 


.... 

Manganese bronze 

58 

40 





Mn2 

Muntz metal 

00 

, 40 






Naval brass 

Ni-Cu alloys containing lees than 

00 

39 

1 




.... 

30% Ni and more than 0.15% Fe 
Ni-Cu alloys containing 30 to 40% 

>70 



<30 


>0.15 


Ni 

00-70 



30-40 




Silver Tobin bronze 

00 

39 

I 






Yellow brass 

05 

33 






Zinc 


99-1- 



— 

.... 

.... 
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Paints and Organic Coatings for Sea-Water Exposure 

G \V Sfi-tcitEN* 

The problem of providing protection in sea water « aggravated by the high 
conductivity of sea water winch favorsi local cell action, a high content of sodium 
ions which promoter the development of alkalinity at cathodic areas, a high total 
ion content which facilitates the establishment of ion concentration gradients and 
resultant osmotic action through coaling i)Jm$ and a high content of chloride ions 
which are active in the breaking down of passivit) The ideal protective coating is 
one which would completely and permanently bar tiie metal surface from contact 
with the corroding environment This condition is never realised in practice, and 
particularly where the exposure is to sea water The kind of structure to be painted 
the facilities available for coating application, etc, usually necessitate marked 
departures from the ideal Even if the organic coating could be applied and main- 
tained free of mechanical imperfections, such a' pinholes, cracks, or thin spots, it is 
usually sufficiently permeable to permit water to diffuse through it at a rate sufficient 
for corrosion to proceed beneath the film For this reason, pigments are usually incor- 
porated with the object of inhibiting corro'ion in the presence of any water which 
diSuses through the coating Some of the most effective pigments for this purpose 
are the zinc and lead chromates, basic lead sulfate, white lead, and red lead 
nhr-'wimatn’inricriiuv.'i.'uvt'i'eu’iJy (‘ihringavnvrvviv'iug; «j\viiig’«n\*iHfi”Arivnpmttatuu‘ 
or to injury after application, will not be protected by mhibitne pigments in the 
adjacent coating The extent of corrosion of bare areas is a function of the area of 
metal exposed Tiny scratches or pinholes usually cease to corrode when the area is 
small enough to retain the corrosion products which are formed, and thereby stifle 
further corrosion Larger areas will continue to corrode and will damage the adjacent 
coating by undercutting or by cau«mg blistering 
Blistering adjacent to corroding areas probably results from a combination of elec- 
trolysis and osmosis The corroding areas are anodic and the adjacent coated areas 
cathodic There is formation of alkali at the cathode areas under the paint film and 
water diffuses through the coating at an accelerated rate by nrtue of the ion con- 
centration gradient The resulting internal osmotic pressure can thereby produce 
blisters Thus the formation of alkali at the metal coating interface degrades the 
coating both by blister formation and tgr actual chemical attack if the coating 


= StoDer-Mudge Inc , Multiple Industnal Pdlo^slup. Mellon Institute, Rttsburgh Pa. 
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vehicle is not alkali-resistant. Hydrogen evolution at cathodic areas can also cause 
blistering. 

^HE Vehicle 

Among the most generally employed vehicles are those containing a relatively high 
percentage of phenol-formaldehyde modifying resins, “oil lengths” of no more than 
25 to 35 gal of oil per 100 lb of added resin being preferred. The oils most frequently 
encountered are China wood^ and linseed, usually in roughly equal proportions. 
Vehicles of this type are not particularly resistant to alkali, however, and for this 
reason the newer and perhaps more efficient chlorinated rubber and vinyl type 
vehicles such as polyvinyl chloride acetate and the polyacrylics are becoming increas- 
ingly important. Probably the greatest volume of orthodox marine coatings continue 
to employ rosin or rosin derivatives (ester gum, limed rosin, zinc soaps, etc.) and 
coal tar as vehicle. 




Problems of Dry Docking 


Use of the newer types of organic coatings for metal protection in sea water has 
been retarded by the usual shipbuilding and maintenance practice. Dry-docking costs 
make it imperative that a ship be painted and water-borne as quickly as possible. The 
usual procedure is to scrape the loose paint from the hull of the ship as soon as it is 
dry-docked and apply the new paint immediately, even though high humidity or even 
wet conditions exist. The ship is then undocked as soon ns the final paint coat is 
applied, almost invariably before it dries completely. Such methods cannot permit 
the coating to acquire its maximum properties. Recognition of the fact that dry 
docking costs and the time factor play important roles in the maritime industry has 
resulted in attempts to provide marine paints which will develop maximum protec- 
tive ability under these adverse conditions of application. These efforts have not been 
entirely successful, though progress is being made. 


Surface Preparation 

Shipbuilders have long recognized that metal surface preparation is one of the 
prime factors in obtaining optimum paint life. It has been general practice to remove 
mill scale because even the original tight scale will become loosened during the life 
of the structure, because of corrosion reactions or differences in thermal expansion, 
thereby resulting in loss of both scale and paint coat at those areas. The earlier methods 
of descaling were to “weather” the ship plates before assembly or to launch the hull 
without painting so that the scale was loosened and later scraped off. These methods 
have not been satisfactory in that complete scale removal is never insured. The recent 
trend is either to pickle the plates, or to sandblast after fabrication. The latter method 
has the double effect -of removing mill scale or other preformed oxide together with 
non-metallic contaminants such as oils, soaps or greases, as well-as roughening the 
surface to present a greater specific area for adhesion forces. Another method of 
descaling attracting much attention is flame cleaning in which an intensely hot briish- 
like flame is rapidly passed over the surface of the metal to be descaled. The thermal 
gradient through metal and mill scale and the difference in expansion coefficient act 
to cause the scale to split off; it may then be wire-brushed away. Although this 
method does not remove all scale, it has been particularly effective in loosening thick 
scale and in preparing weathered surfaces for painting or repainting. It has the 
unique advantage that the local heat reduces the moisture film on the metal surface, 
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which if imraediatelj painted adds greatly to the life of the paint In experienced 
hands this technique offers real promise 

There is still considerable difference of opinion as to whether painting over old 
paint coats is a bad practice It can be fatrl> stated that new application ov er intact 
paint (the British practice) probably gives good faults The difficulty lies in deter 
mining whether the exi ting paint coat is m sufficiently good condition to «erve as a 
secure fouudation for the new paint For thia reason there is a pronounced trend 
toward complete removal of old paint where time and facilities permit 

Much emphasis has been placed on chemical pretreatment of the metal surface to 
prevent corrosion by the permeated water The wide variety of proprietary inhibitive 
wash S 3 teina currently offered to the metal fabricator testifies to the increasing 
importance of corrosion prevention efforts along this line Theoe S3'5tems primanl 3 
designed for application to *:teel arc in their simplest form chemical methods for 
producing dense insoluble surface films of oxides chromates pho phates oxalates or 
silicates These films — if developed properly and if subsequently cleaned of all 
reactant chemicals — form ideal bases for coating application The difficulty lies 
however m the development of surface layers having all these desired characteristics 
Films of significant thickness to be effective are formed only under ideal and con 
trolled conditions If the chemical which develops the film is not completely reacted 
and the excess is not washed off before applying the paint system, adverse results 
may be encountered 

GALTA^^c Effects 

Marine structures generally and hulls of ships in particular are normally con 
Btructed of several metals m electrical contact and bemg in an invironmcnt of high 
conductivity galv anie corro«ion can be «cnou3 If for example a metal is corroding 
under the accelerating jnfiuence of an adjacent cathode painting only the anodic 
portion 13 dangerous practice Complete coverage of the corroding area is usually 
impractical since discontinuities in the paint film are almost certain to be present 
initially or will be produced later m «crvice Because galvanic corrosion m sea water 
IS largely under cathodic control • incomplete reduction of the anode area will not 
appreciably affect the total amount of corrosion but will «erve only to concentrate 
the attack on a smaller area senous pitting and even perforation can thus occur 
Conver«ely if only the cathode element of the galvanic couple is painted the amount 
of corrosion of the anode is reduced to that of freely corroding uncoupled metal In 
this case however the alkali resistance of the paint system ov er the cathode area is 
of great importance m maintaining the effect of cathode insulation A paint system 
which 13 degraded by alkali soon peels and wa'shes off It has been shown that be«t 
corro'ion protection is afforded if both anode and cathode areas are coated 

It 13 at present impractical to paint propellers the erosion at the high operatmg 
velocities rapidly scours off the paint As a result if bare bronze propellers are in 
electrical contact with painted steel hulls severe localized pitting js occasionally 
experienced in the hulls Some beneficial results have been obtained by applying 
insulating coatings of diverse kinds to the shaft or m other manner breaking the 
couple between propeller and shaft or hull 

Tv EWER Trends 

Recent shipbuilding practice necessitated by the war has resulted in the introduc- 
tion. of large prefabricated sections The aK’bcalion of primer coats to large areas of 

* Tbe term eaOtodxe control is discussed on pag« 486 
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ship plating in fabricating shops is thus done under better conditions than obtain in 
dry docks or on ship %vays. Such practice should materially add to the life of a paint 
system and also make it practical to apply some of the newer sjmthetic resin coatings 
which in themseh'es can offer inherently better protection and service. The old 
method of applying paint in dry dock or on ships under adverse conditions of cold, 
dampness, and high humidity, with little or no surface preparation, has retarded the 
art in that the difference between the best and worst paint formulations applied under 
these conditions is usuallj’’ insignificant. 

For details on typical useful marine paint formulations, see Paints and Varnishes, 
p. 889. 

/ 

/ 

\ ^^^^acro-organisms in Sea Water and Their Effect on Corrosion 

William F. Clapp* 

FOULING ORGANISMS 

Many thousands of species of invertebrate animals and marine plants have been 
described and named. In some locations, even far from shore, pelagic marine life is so 
prolific and forms such dense mats on the surface of the ocean that the speed of a 
vessel may be appreciably reduced 

Only a few kinds of these animals and plants should be considered as fouling 
organisms. The vast majority are free swimming and do not possess the necessary 
organs or have the power to become attached to any material. Others must burrow 
in mud, sand, or some other substance in the ocean for protection in order to survive. 
None of the vertebrates, such as the fish or mammals which are so plentiful in salt 
water, are capable of maintaining a permanent foothold on anj’- material and none, 
therefore, should be considered as being true fouling organisms. 

Organisms which might affect metals or other submerged materials in salt water 
can be roughly divided into three groups: sessile organisms, semi-motile fouling 
organisms, and motile organisms. 

Sessile Organisms 

This group cannot survive without becoming firmly attached to a suitable base. 

All organisms found firmly attached to a material in salt water secured this attach- 
ment while still in a very minute embrjmnic form. No organisms have the ability 'to 
become firmly attached to any base after having passed from the minute embr^mnic 
form to the mature form. No true fouling organism can change its position once it 
has become attached. Very few can survive if they become separated from the base 
upon which they have grown, and none which has become attached has the power 
to secure a new foothold. 

The following list includes most of the common forms of true sessile fouling 
organisms ; 

I. Organisms which build hard calcareous or chitinous shells : 

1. Annelids, which form coiled or twisted tubes. 

2. Barnacles, which build cone-shaped shells built up of laminated plates. 

3. Encrusting Brjmzoa, colonial animals which form flat, spreading, multi- 

cellular, coral-like patches. 

4. Mollusks, including several species, such as oysters and mussels. 

5. Corals. 

* ivaiiam F. Clapp Laboratories, Duxbarj-, ilaas. 



434 


SPECIAL TOPICS IN CORROSION 


II Organisms without hard shells 

1 Marine algae green, brown, or red filament-like growths which occur usually 

near the water line and include such forms as Ceranium, Fucus, Poly- 
sipkonia, and Ulva 

2 Filamentous Brjozoa fem-like or tree-bke growths 

3 Coelenterates (h> droids) such as Tubularta with stalk-hkc or branching 

growths, each branch terminating in an expanded tip, also Bougaintnllta 
and Campanuhna 

4 Tunicates (sea squirts) soft, spongy masses 

5 Calcareous and Eihceous sponges 

All the abo\e are completely sessile fouling organisms There are, howe%er, other 
animals which may occasionally contnbute to some extent, since they are semi or 
optionally motile 

Semi-Motile Fouling Organisms 

Some of the®e organisms may become attached earl) in life and remain on the same 
spat until they die Other organi-ms may grow on all sides, thus preventing any 
change of portion Unless completely covered and thus deprived of food and water, 
they can survive and thrive, but they have the power of locomotion and frequently 
do move from one location to another They include 

1 Sea anemones and allied fornu, floner-like animal* which may become firmly 
fastened to metaU or other materials, but they also have the ability to move 
veryslowlybi sliding along over a mucilaginous shme which they excrete How- 
ever, even when m motion, these animals are in firm contact veith the base upon 
which they are living 

2 Some of the worms which construct more or le«s temporarv’, loosely adherent 
tubes of mud and sand for protection These organisms can readily', and fre- 
quently do abandon these tubes (which may be S or more in in length) and move 
to another location The old lubes are left behind and contribute to fouling 

3 Certain Cru'tacea, such as Corophtum. build small temporary sand and mud 
tubes which they cement to materials submerged in salt water The tubes are 
quite adherent, but the builders frequently abandon them and move to other 
locations 

4 Various mollusks, such as many of the numerous species of mussels, become 
firmly attached to any convenient base by means of a mat of very' strong 
chitinous hairs The tip of each hair becomes cemented to any suitable base, 
thus forming a dense mat on the surface, but the«e organisms have the power 
to loosen their holdfasts and migrate to new locations When they die, the mat 
of chitmous hairs remains finnly attached to the material last occupied 

Motile Organisms 

This third group of organism* may influence the corrosion of metals in salt water, 
even though v ery' indirectly They constitute 

1. Some of the worms, particularly' the •scavenger varieties which leave mucilagmous 
excretions 

2 Mollu'ks, such as the sea “lu^ and snails 

The slimy' film execreted by tbe«e animals may have little or no effect on a metal 
but because of its consi-tency frequently smothers and kills the more minute fouling 
organisms cov ered by' it 
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FILM-FORMING ORGANISMS 

In addition to marine bacteria, large numbers of other unicellular marine organisms 
are usually among the first to appear on any material submerged in salt water. This 
film of microscopic organisms is of importance, principally because it may provide 
a favorable foothold for macro-organisms. It has been thought that if these micro- 
organisms could be prevented from becoming permanently attached, or the firmness 
of the attachment could be decreased, later fouling by the larger multicellular plants 
and animals would be greatly lessened or eliminated. Experiments show, however, that 
barnacles, at least, can become directly attached to the surface of a material without 
the aid of the microbiological film, although it is possible that such attachment of 



Fig. 1. Mud Tubes and Other Marine Organisms on Steel Specimen 12 In. Square After 
Immersion in Sea Water. (Courtesy F. L. LaQue ) 


the larger fouling organisms is not so permanent as if it occurs on the organic film. 

The appearance of a steel panel covered with various fouling organisms after 
immersion in sea water is shown in Fig. 1. 


DISTRIBUTION 

Fouling organisms are plentiful from the Arctic Circle to the Antarctic. Although 
there are many more kinds of organisms in the tropics, the bulk of growth in a given 
period of time may be as great in Labrador as at the Equator. 

Most of the fouling organisms have very definite depths at which they survive or 
thrive. Practically all true sessile fouling organisms live in comparatively shallow 
water. Certain species of barnacles live at depths up to 200 ft, but these species thrive 
only at such depths and are rarely found attached to any objects near the surface of 
the water. Other species of barnacles exist only in the vicinity of the high-water mark 
and are very rarely found at a depth of more than 2 or''3l't-'bel6w mean high water. 
Other organisms which inhabit this zone are the green' algae, such as Enteromorpha, 
which are commonly seen in the vicinity of the waternine on vessels and wharves. 

Fouling does not occur in the deep water off the cc4st because there are no objects' 
upon which the organisms may secure the foothold ^lecessary for their survival 
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' FACTORS AFFECTING FOULING 

Tempehatuhb 

Temperature is a very important factor in the life of marine organisms. In northern 
waters the breeding season of most fouling organisms is restricted to the warmer 
summer months. Since fouling continues only to the end of the breeding season, it 
follows that most fouling occurs in northern waters only during the summer. However, 
the organisms which do become attached during this period continue to thrive and 
increase in size indefinitely, dependent upon the length of life of the particular species 
involved. In the warmer waters farther south, the breeding season is longer, until in 
the tropics it is almost continuous. Therefore, while a vessel in the north may be 
completely free from fouling from November to June, in the tropics it might become 
badly fouled during any month of the year. 

Effect of Ocean Currents and the Seasons.* A map referring only to the 
distribution of fouling has not yet been published. For certain sections of the world, 
as for the coasts of Asia, the data are inadequate. However, since the most important 
factor governing fouling distribution is temperature, distribution of marine organisms 
will probably agree closely with maps based on temperature. Several such maps 
are combined in Fig. 2. The demarcations depend on the limits of empirically known 
critical maximum or minimum temperatures, localities in which the range of tem- 
peratures is exceptionally great, or places where there is a rapid transition from one 
to another set of conditions. In no case will there be a complete change in the popu- 
lation, but at any such point a sufficient number of organisms will find their limits 
of tolerance to give a distinctive character to the faunas of the two sides of the 
boundary. The map shows a shaded tropical zone in which the water is always above 
20° C (68° F) . Outside of this is a subtropical zone with water still generally warm. 
It is bounded by the temperate regions, differently limited by Ortmann (1896) and 
Meisenheimer (1906), outside of which in turn are the circumpolar cold waters. The 
greatest difficulties lie in localizing the boundaries in coastal waters, which are the 
most important in fouling considerations. There is justification from either the gen- 
eral or fouling point of view both for Meisenheimer’s emphasis on the faunal and 
temperature break at Cape Cod and Ortmann’s stress on the similar situation at 
Cape Hatteras. As a first approximation of a fouling map, Ortmann’s divisions seem 
somewhat preferable. His north temperate zone corresponds well, for example, with 
the known distribution of the common fouling form, the mussel Mytilus edulis. In 
practical terms these zones indicate roughly the regions in which similar types of 
fouling may be expected. 

The composition of the fouling population is not the only feature dependent on 
temperature. Figure 3 shows the seasons of attachment of various fouling types at 
six different locations with varied temperature conditions. Most organisms in regions 
with cold waters part of the year do not breed continuously, but only at times when 
certain critical temperatures are attained. Differential requirements in this respect 
result in the successions shown. Such differences are often found for separate species 
of the same group, as illustrated by the barnacles at Woods Hole. Other cases are 
concealed in the graphs by temporal overlaps. A further point is the fact that for 
each species there are one or more peak periods of attachment, when it becomes 
especially abundant. These peaks characterize even the tropical fouling, in which, 
as at Madras and Hawaii, given species may be attaching to some extent throughout 
the year. Because they are contingent in large part on critical temperatures for breed- 

• Thi^topio is diaoi-.ssed by L. W. Hutchins. Woods Hole OceanoKraphio Institution. Woods Hole, Mass. 
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"Fia 3 Seasons of Attachment of Vanaua Types of Fouling at Sight Localities 
Prepared by L t\ Hutchins tS ooda Hole Oceanoerapiue Institute TVooda Hole Maas Data for 
Daytona Beach were contributed by G B Young Mellon Institute Pittsburgh Pa , and data for Kur° 
Beach by Beatrice Richards Win F Clapp Laboratonea Duzbury Mass 
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ing, the peaks for different organisms do not necessarily coincide; but the great 
aggregate of them tends to occur in the warm months. ' 


Motion 

Since fouling organisms must become attached to some base while still very 
minute, it is very difficult for them to secure a firm foothold on objects which are 
in motion. On floating materials, in motion because of tide or current, it is con- 
ceivable that the larvae in the vicinity may be drifting at the same approximate 
speed and direction and hence have no difficulty in becoming attached. 

The exact speed which would be too rapid for the various species of marine 
organisms to become attached has not been determined. It appears to lie in the 
range of 2 to 4 miles per hour (3 to 6.5 kilometers per hour) and is influenced by the 
roughness of the surface involved. 


Co^OR 

-v/Many of the fouling organisms are affected by light. The majority occur most 
plentifulb’' on shaded, or dark, surfaces. The heaviest fouling is generally found on 
the northern side of stationary objects in the northern hemispheres. This is true of 
mussels, hydroids, and many of the algae. The green algae, such as Enteromorpha, 
thrive best in the light. In general, the lighter shades of protective coatings on sub- 
merged materials, the whites and light grays and yellows, are somewhat less subject 
to fouling than the darker shades, all other factors being equal. 


Attachment of Fouling Organisms 

When in the minute larval or undeveloped juvenile form, the various fouling 
organisms secure the necessary permanent foothold in a number of different ways, 
each characteristic of a particular group. Many species of the algae, shortly after 
landing on a favorable surface, secure a firm attachment by exuding a mucilaginous 
material which hardens to a glue-like consistency. As the plant grows, root-like 
growths spread over the surface of the base, greatly increasing the firmness of attach- 
ment. A very similar method is used by the plant-like animals known as hydroids. 

Other groups of fouling organisms, such as the barnacles and some of the mollusks, 
excrete a calcareous material which is deposited on any suitable submerged base to 
serve as a point of attachment. With still others, the cementing material is of a 
siliceous nature. 

..^Effect of Surface. A hard, smooth surface generally provides a more secure footing 
for fouling organisms than a soft material. The adherence on hard vulcanized rubber 
is much stronger than it is on soft rubber. On a smooth polished surface of stainless 
steel a barnacle {Balanus ebumem) can obtain an exceptionally firm foothold. It is 
very difficult to remove such organisms even with metal scraping tools. This is also 
true to a somewhat lesser degree when these organisms land on glass. On ordinary 
steel the firmness of attachment is much less. Similar effects are observed with 
protective coatings on metals. Non anti-fouling paint coats with a hard glossy surface 
provide a firmer foothold for the organisms than softer paint films. 

Effect of Corrosion Products. The physical condition of a firm hard surface which 
provides an excellent base for fouling organisms may change after being submerged 
in salt water. The initial growth on ordinary steel may be as great as on stainless 
steel, but corrosion products form very quickly on ordinary steel and the character 
of the surface is changed. The organisms become fastened not to the metal; but to 
the surface of the film of corrosion products. The firmness of foothold of the 
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organism 13 then equal only to the adhesion of the corrosion film A\ith a material 
such as 'taidless ®teel where the corrosion product film formed on the surface of the 
metaJ is negligible a fouling organi'm may be expected to maintain its loothold 
throughout its normal life 

■\\ith copper and certain high copper allojs, the relationship between corrosion 
and fouling is \ erj apparent As compared with steel the e materials form corro ion 
products that are less \ oluminous and a larger proportion is carried awaj either in 
solution or m suspension In addition to any toxic effect, this continual loss or 
sloughing of corro ion products ^erxes to present aD> prolonged attachment of foul 
in organisms If the u ual corrosion of copper or its altojs is arrested as bj gahanic 
action the normal formation of corrosion products does not occur and fouling can 
♦hen proceed as on other inert surfaces 


EFFECTS OF ENCRUSTING MATERIALS 0\ CORROSION 
Phy'^ical Factors 

The fir t spot of cementing material enlarges as the animal grows With tl e 05 ter 
the organic lime depo«it may form a tightl> adherent base which co%er 3 an area of 
se^eral 'quare inches If the base is equally adherent to a metal o^er the entire 
area this base maj be expected to protect against corro ion If the surface is une% en 
and water penetrate? there will be different ox>gen concentrations at points under 
the lime ba-e and el ewhere on the surface of the metal Ox>gcn concentration cells 
maj then accelerate corrosion This occurs with many of (he fouling organi-ms par 
ticularl) with man> of the numerous species of barnacles It aLo ma% be caa«ed 
bj one or more nucro-orpinisms such as diatoms or Foramitiifera haMng become 
attaclied to a portion of the area over which the macro-organism grow® Any uneven 
growth of micro-organisms on a portion of the metallic surface over which a macro- 
organism extends its base maj result in unequal adherence of the latter Because of 
this unequal firmne-j of attachment beneath «ome portions of the base 0x5 gen con 
centratioQ cells ma> dev elop resulting in corrosion 

Ckeihcal Factors 

Another entirely different and very important tjpe of corrosion 13 encountered 
when m the process of expansion of the base b> growth an orgam^m completely 
surrounds and covers a later arrival or smaller organi'm The covered organi'm 
quick!} dies Degeneration sets in followed by the probable production of b>drogen 
sulfide An acid condition results which causes accelerated corrosion 

Destructio or Pkotectiv'e Coatings 

Some organums particularly certain species of barnacles such as Balanus eburneus 
are capable of penetrating or olherwj e damaging protective coatings on metal® In 
the process of growth and the spreading out of the base of the organisms ov er the 
•nirface of anj material there is also exerted a very strong downward pressure As a 
result of thL pre^ ure the outer edge of the ba®e may penetrate the film of protectn e 
coating As the diameter of the base increases the paint film is pushed up on the 
Sides of the growing organism la some of the thick bituminous enamels and asphalt 
coating the organnns may penetrate through one quarter of an mch of coating to 
the ba=e metal which •nibsequentlj becomes exposed to coircsioa aggravated by its 
localization 

On a hard dea®e protectn e coating penetration bj the«e organi. ms i« prev ented, 
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but in many cases the growing organisms becomes more firmly bonded to the protec- 
tive coat than is the latter to the metal. When any action dislodges the organism, the 
complete paint system remains attached to the organism rather than to the metal. 
Accelerated corrosion of the exposed metal follows. 

It has been found, at least with some paint coats, that the difference in the 
firmness of adhesion of the paint coat beneath the base of an organism and that of 
the paint coat outside of, but adjacent to, the base of the organism, results in 
accelerated corrosion in the form of pits directly beneath the organism even while i 
the paint system land the fouling organisms are apparently undisturbed. This may 
be the result of oxygen concentration cells having been formed beneath two adjacent 
areas, over one of which the paint coat is firmly adherent and at least somewhat 
impervious, whereas in the other the paint coat, because of the action of the fouling 
organism, is not adherent. 
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Anti-fouling Measures 

G. H. Youkg* 

The problem of fouling of surfaces subjected to immersion in sea water has long 
been serious. The major alleviative efforts to date have involved the use of an 
anti-jouling 'paint, applied in the too-often vain hope that, by its nature or content 
of toxic agents, fouling growths would be prevented or at least reasonably inhibited. 
To this end an almost unlimited number of specific compositions, for which anti- 
fouling properties are claimed, appear in the patent and technical literature. In many 
preparations the beneficial effect is attributed to the composition of the vehicle; in 
others, to the peculiar fashion in which the several ingredients are compounded 
together. In by far the greatest number, the virtue is ascribed to the presence of one 
or more poisons. 

The phototropicity of certain types of fouling organisms has frequently been dem- 
onstrated by biological studies. The suggestion has therefore been made that color 

* Mellon Institute of Industrial Research, Pittsburgh, Pa. 
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alone is the most «igmficant factor in anti fouling paint performance the argument 
of light versus dark paints is still uzisettled 
It has more recently been asv.erted that the only effectn c approach from the paint 
standpoint is to stn\ e for e’ctreme exfoliation or undeTuater cJ alking properties but 
the relative merit of chalking coatmgs versus toxic coatings is still undetermined 

The Fouung Process 

The fouling of a ships bottom which begins as «ooa as the “jhip is water borne 
<yin be divided into three phases taking place more or less simultaneously the forma 
tion of the slimy microbiological film the attachment of macroscopic fouling organ 
isms (almost always in larval form) and their growth into the mature forms visible 
as barnacles molluaks annelids bryozoans algae and other fouling growths^ The 
probable role in the fouling process of the microbiological film has been de^enbed 
by ZoBell Clapp and others ** ® (See al o the previous chapter ) Experiments ind cate 
that «lime formation on anti fouling paints may eventually vitiate effects of the pamt 
by a «imple blanketing action preventing lethal concentrations of the toxic agents 
from building up at the slime film water interface here sufficiently high toxic 
concentrations can be realized in spite of the «lime film slime covered surfaces may 
be maintamed free from macro-growths for many months 
As discussed in the prev lous chapter all the important macro copic forms mature 
from tiny micro«copic larvae For a short time these larvae swim freely in the water 
Then after a period varyjog from a few mmutea to *everal weeks depending upon 
the specific organism they mu«t become attached to a surface in order to survive 
After attachment metamorphosis into the adult form and growth are \ eiy rapid The 
effectiveness of an anti fouling pamt depends upon its ability to hinder or prevent 
the pnmary attachment of the larvae Once attached they grow regardless of the 
toxicity of the pamt since the poisons have little or no effect on the adult organisms 
a concentrations attainable m the paint water interface zone 

USE OF PAINTS 

Axn FOULrxG Paint Foriiuiation 

^ ith a few exceptions ev ery commercial anti foubng paint carries copper in some 
form or other as the activ e toxicant By far the major number of published formulas 
employ red cuprous oxide alone or fortified with minor amounts of other toxic 
agents — usually mercury and arsenic compounds For the yachting trade the 'o-called 
racmg bronzes which employ metallic copper powders as the active pigment have 
come into prominence 

It IS now well established that the anti fouling efficiency of a bottom paint is 
substantially a linear function of the percentage of di eohable toxic pigment carried 
m the dned paint film (The amount of toxic in a gallon of paint is a meaningless 
figure «o far as pred cting anti fouhng life is concerned unless the total non v olatile 
content aLo is reported ) The copper content of a repro«entativ e group of commercial 
bottom pants selected at random^ averaged 20 to 2o7o calculated as CU 2 O The 
mercury content of a random group of fortified bottom paints averaged ZS^/o cal 

>U S Navy Department (BuSlup*) tioektno Repor jlfaRoaf p S m2 

* W F Clapp Ainenean Awotiat on for Ibe Advaiie«m«ot of Sc enee Svmponum on Corrotvm 1841 
*C E ZoBell Natonal Pant tanneb Laeqoer Aesoe at on Scient fic Sect on Circ 588 (1939) 
Pederat on of Pa nt 4 t armeh Product on Oala 0#ciat Dwtt IT 378-385 (181a) 

*jL J Cox State of Califom a Department of Agncutlure Speciol Put/KalMn 200 W12 1943 
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ciliated as HgO. (Both figures are on the dry-film basis.) Such paints seldom last 
longer than 6 months without fouling. Researches carried out over a period of years 
(many of them unpublished for security reasons) have indicated that anti-fouling 
performance in excess of 6 to 7 months demands copper concentrations approximating 
twice the concentration found in most commercial paints. At this toxic level, the 
adiamtageous effect of adding mercury compounds is no longer so apparent. 

Toxic Properties of Metallic Copper versus Cuprous Oxide. The eiTcctiim 
soluble toxic complex (probably [CuCb]”) can bo built up equally in the surface 
Water interface zone from (1) sheet copper, (2) metallic copper powder, (3) cuprous 
oxide, or (4) other soluble and dissociable copper compounds. That is, the toxic 
sources differ only in their ability to furnish the active toxic ions; it is the soluble 
complex ’which has biocidal properties. Thus the primary toxicity of such a pigment 
is best measured by its availablo copper content. Cuprous compounds arc effective 
because they dissolve to liberate cujirous ions; cupric compounds are ineffective 
because they are insoluble in sea water; metallic copper is effective because under 
most conditions it corrodes to yield the necessary cuprous ions. 

Inhibition of Anti-fouling Efficiency. It is thus apparent that any factors influ- 
encing the primary rate of solution of the toxic agents will profoundly affect the 
performance of the anti-fouling paint. Typical of such factors is the nature of the 
vehicle or binder employed in the paint. If this contains substances capable of tight 
compound formation with cuprous ions, the life of the paint may bo very short; the 
blanketing effect of sihne, with subsequent overgrowth of fouling organisms is an 
illustrative example. The slime film concentrates and holds the copper ions; precipi- 
tation takes place and fouling ensues. 

One of the most serious causes of anti-fouling paint malfunctioning is attributable 
to accidental contact of this paint with the bare steel hull. The mechanism jirobably 
involves the local deposition of copper by interaction with iron, resulting in great 
depletion of the copper reservoir in the interface zone. The phenomenon is demon- 
strable with both metallic copper and cuprous oxide paints. For this reason the impor- 
tance of having adequate primer coats on steel hulls before applying the anti-fouling 
paint cannot be oxaggornted. 

• Alternative Anti-fouling , Pigments. The technical literature recites numerous 
compounds to which anti-fouling activity has been assigned. Typical are copper 
resinatos, copper arsenito, calomel, copper oxychloride, basic copper carbonate, 
selenium oxide, copper and zinc selcnides, cuprous Cyanide, and numerous arsenic 
compounds. In addition, a wide variety of organic compounds have boon described, 
and patented ns anti-fouling toxicants. The use of certain metallo-organic complexes 
has been widely explored in recent years. In general, it can be stated of those alterna- 
tive pigments that few if any are ns olTective on a pound-for-pound basis ns a simple 
copper scale, copper, or cuprous oxide, and none can presently compete on a cost-por- 
pound per month of effective paint life. 

Vehicle Considerations. It is important to understand clearly a marked and 
fundamental difference between anti-fouling paints ns a typo and all other paints. 
The anti-fouling paint is not, and dare not, be a ■permaneiit coating. Its very efficacy 
depends upon a constant sacrifice of one or. more of its ingredients to the ad,i.acont 
water, thus guaranteeing that this immediate contacting layer of water is lethal to 
marine micro-organisms. It is not the paint which is lethal; it serves merely as a 
reservoir for undissolved toxic substance to replace that which is i-npidly lost from the 
neighboring water owing to current effects, precipitation, diffusion, and other 
dissipating ii^fiuences. 
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Therefore \ehicles which are resistant to permeation by water and are inert to 
hjdrobsis and similar chemical breakdonn are %erj inefficient anti-jouhng vehicles 
The toxic agent is permanently locked up within such a film only a very small 
percentage is e\er made a%ailable in the interface zone and its effective anti fouling 
hfe if anj is «hort 

On the other hand a vehicle which is too rapidly permeated by water and is 
readily broken down by hjdroljsis swelling stresses etc may give an equally short 
lived pamt bj wasting the toxic agent at an excessive tate and thus becoming rapidly 
depleted 

The art of formulating an anti fouling paint thus rev olves around the choice of an 
optimum vehicle A vehicle optimum for metallic copper is not necessarily right 
for cuproua oxide and maj be \erj wrong for calomel In practice it has been found 
that ro'in as a major ingredient of the v ehicte affords an excellent earner for cuprous 
oxide this component must be U-ed judiciousI> where it is desired to emploj metallic 
copper else too rapid 'acnfice takes place A completely inert vehicle such as 
chlorinated rubber unmodified with other resinoids will not allow functionmg except 
at excessiv ely high pigmentations 

Accelerated Corrosion dntier Anti fouling Paints 

Considerable attention has been accorded the question as to whether bottom 
paints accelerate pitting of the hull but few published data arc available It has 
been «hown’ bj quantitative mea..uromcnt of the comparative rates at which pre- 
scribed painted steel panels corrode when immersed in sea water that there can be 
accelerated attack on the exposed steel The intensjtj of at ack appears to vary 
directb with the concentration of copper pigment lo the anti fouling coat and may 
be os severe with cuprous oxide painU as with metallic copper paints The rate of 
such accelerated attack decreases materiall> if even a single barrier coat is interposed 
between the steel surface and the anti fouling paint 

The practical effect on the corro ion at damaged areas holidaj's and exposed 
rivet heads of having relatnelj large concentrations of copper going into solution 
near by is 'till an open question It «eems likelj that as more efficient undercoat 
s>«tems are developed and particularly as paint application is more carefiillj vuper 
VTsed difficulties attributable primarily lo the anti fouling pjint ingredients will 
diminish 

The Evaluation of Anti fouling Paints 

The fouling process is so complicated bj localized environment eddv currents 
seasonal fluctuations transient contamination and the like as to make strict labora 
torj duplication prohibitnelj costly The clo'cet approach is by panel exposure in 
fouling vraters and ev en here conditions are often far different from those actually 
encountered on a ships bottom The nece*sitj for multiple exposures preferabl> 
at a variety of locations and imder varying apphtation conditions is thus under 
Etandable 

A number of attempts hav e been made to ev aluale toxic efficiencj artificiallj under 
standardized conditions correlation with panel exposure is usually fair but with 
actual ships bottom service disappomtmg Attention has been given to leaching 

*J D Perry and B H Ketchum InS. Eng Chgm 38 806-810(1946) 

•B H. Ketchum J D Ferry and A E Buna Jr Ind Eng Ckem 38 931-938 (1946) 
h 1 Dung and cowxjrlers Ind Eng Chtm. 3$ 341-044 (1944) 
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determinations as a means for prognosticating paint life;^ the U. S. Navy has been 
reportedly quite active in exploring this approach. Most investigatoi's agree that no 
sure criterion exists except actual service tests after lengthy panel exposure. This 
factor alone is a major reason for the apparent slowness with which anti-fouling 
techniques change in comparison with other protective techniques. 

OTHER MEASURES 

Fhesh Water Anchorage 

The tradi^onal advantage of periodic anchorages in fresh water to kill and remove 
accumulated fouling has perhaps been overemphasized.^* Although it is true that 24 
to 72 hours exposure of mature marine organisms to fresh water usually results in 
death, the shells are seldom detached by such exposure. Where shell-forming organisms 
are sloughed, it generally will be found that this has been accompanied by gross loss 
of paint. The action is probably the result of osmotic pressure stresses and may be 
severely damaging to the anti-corrosive coating on the ship’s bottom. Sudden changes 
in water temperature can and will have the same disruptive action on most paints. 
Thus the benefit derived from shedding accumulated fouling may well be nullified 
by the accompanying damage to the bottom paint. 

Use of Electric Currents 

Numerous investigators have suggested the possibility of applying either direct or 
alternating current to the hull at intermittent intervals, to prevent primary attach- 
ment. Thus far, such experiments have been disappointing. The larval forms of most 
fouling organisms are remarkably insensitive to d-c electric currents as such, unlike 
fish and higher animal life. While application of sufficient potential to plate out 
hydrogen should result in generation of enough alkali at the (cathodic) hull surface 
to be lethal, the blistering effect on any paint would be severe. Furthermore, the 
simultaneous deposition of calcium, magnesium, and strontium basic salts as an 
adherent film appears to be a limiting factor. Power consumption increases propor- 
tionately, and eventually fouling occurs on the built-up insulating calcareous deposit. 

High-frequency a-c current has also been employed on an experimental scale, with 
little success to date. Nevertheless, this type of approach would appear to offer 
greater likelihood of an ultimate solution. 

Incorporation of Toxic Agents in the Hull Plate Metal 

Controlled tests by many investigators confirm that the amounts of toxic metals 
which can be incorporated in steel, of which cadmium, copper, arsenic, and man- 
ganese are typical, are far too low to impart any anti-fouling properties to the bare 
plates. The chances for development of a ferrous alloy for ships’ plates having the 
anti-fouling properties of copper and certain of the high-copper alloys appear to 
be remote. 

Introduction of Biocidal Agents ' 

The continuous sterilization of the water adjacent to the hull would be a prohibi- 
tively costly operation, even were techniques for efficient distribution of the sterilizing 
reagent available. However, this approach becomes feasible in salt water piping aboard 
ship. Either continuous or intermittent treatment of the water with chlorine or other 

* A. J. Cox, State of California Department of Agriculture, Special Publication 200, 1942-1943. 

U. S. Navy Department (BuShips), Docking Report Manual, p. 5, 1942. 
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toxic reagent is practicable and the continuous treatment is being widely adopted 
It offer'* a simple and effective soJuticm to an annoying problem aboard sbjp, or 
wberev er sea water is circulated in semi closed s>'stems 


CORROSION BY SOILS 
K H Locajj* 

The prevention of damage to underground structures arising from corrosion has 
long been an engineering problem of major importance There are m* the XJmted 
States about SOOOOO mijea of pipe lines used /or transporting water, ga,? oil and 
gasoline The value of the^e lines is in the order of 6 billion dollars 

Accurate figures for the corro ion lo scs of the=e lines are not available However, 
the average life of «teeJ mams has been taheo aa 33Va 3 ears b} the Interstate Com- 
merce Commission ^ On this ba«is the annual coat for replacement of pipe lines would 
be 200 million dollars Mo«t of the loas is probabl> due to corrosion 

DEnviTlON 

The deterioration of the exterior of metals expo cd to «oil« but not to 6tra3 
electric cujTent> from street ra))wa3S or «jroilar sources of electric cvrreBt, is li ually 
called coil corrosion and attributed to «oiI character! tics It c'ln be shown however 
that facto 8 other than soil properties influence and sometimes control the corro ion 
attributed to soils Neverthele^ soil properties are responsible for much corrosion 
and the abiiitv to recognise «oiI properties enables the pipe line engineer to avoid 
mam cotTO«ion troubles 

It IS general^ as uoied that the corrosjvene«s of a «oil control the service life of a 
metal in that «oil but this service life depends al o upon the thickness of the metal 
the area exposed and the repairs or maintenance applied Rates of corrosion in soils 
are functions of the !ap*ed time over vrhich they are computed and usually are 
inver«e functions of this time They oUo depend upon whether lo s of metal, loss of 
strength or depth of pits 11 the criterion of corrosion It has been proposed that the 
corronvTtv of a *oil be expres.ed by an equation- which takes account of the initial 
rate of corrosion the change m the rate of pitting or loss of weight and the relation 
of the exposed area to the maximum corrosion Although the e factors are recognized 
their V alues and relation hipa hav e not been established defimtely and the proposed 
equations are of uncertain value 

THE CORROSU'E PROPERTIES OF SOILS 

The Department of Agriculture* recognized eleven great soil groups as shown in 
Fig 1 and dn ided the groups into "orae three thou'^and soil senes mo«t of which 
have at Jea't three horizons or Javeni (A,B C) differing m physical and chemical 
properties The name of a «oil is divided mio two parts the fir t indicating the 'enes 
to which the «oil belongs and the second the texture of the A horizon or uppermost 
sod lay er 

' National Bureau of Standards Washineton D C 

' Volujiiion Doektt 1203 Atlantic Pipe Une Co Interstate Commerce Commission 1937 

* K. H Logan S P Ewjng and I A Denteoa Soil Corronon Tutiag Syraposjum on CosToeion Testiox 
Procedures American Society for Testing Xfatenals Philadelphia Pa. 1937 

* S<nls and Nm 1938 \ earhook of Agnciiltoie Part \ SmU of the Un\t^ Stalei U S Coternment 
Printing Office 1933 
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The texture of a soil horizon is determined by the percentages of the particles of 
\arious size groups As to particle size, there are two grand subdivisions — those 
materials having diameters of 2 or more mm (0079 in ), which include gravel, cob- 
bles, and larger stone, and a group of materials of smaller diameter subdivided as in 
Table 1 * 



Fio. The Whitney Diagram Showing Classification of Soils According to Silt and Clay 
Content. 


Tabi^ 1 CLASSlFICATlOiV OF SOIL PARTICLES AS TO SIZE* 


Class 


Gravel and stonea 

Fine eravel 

Sand 

Silt 

Clay 


nuDimelen 


>2 
1 to 2 
0 Ooto 1 
O 002 toO 03 
<0 002 


Diameter 


>0 03 
0 Oi to 0 08 
0 002 to 0 04 
0 00003 to 0 002 
<0 00008 


• C F Marbut, Allot of Amenean Airtovllure Part III, SotU of Iht United Stales, U S Govermeot 
Printing Office, 1935 


The percentages of silt and clay m the principal soil classes with re«peet to texture 
are shown m Fig 2 5 The texture indicated by the second part of the soil name ia 

* C F. Marbut Alio* of Amenean Aenculttire, Fart HI. Soils of lAe UniUA Stole*, U S Government 
IbintiDg Office, 1935. 

* M Whitney, “The Use of Sods East of the Great Flaina Region,” U S Department of Agnculture 
Bureau of Soils, SuH 78 (1911) 
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'Underground Corrosion,” National Bureau of Standards, Circular C4S0 (1945). t Not determined. A = alkaline. 
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not neces'arilj the texture of the fl or C «oil honzoa m which pipes are usually laid 
Usually the sub'oilo are similar throughout a Boil scries 

Generally poor aeration and high values for acidity electrical conductmtj salt 
content and moisture content are characteristics of corro ive soils Poorlj aerated 
neutral soils are favorable to the development of sulfate reducing bacteria which 
accelerate corrosion Well aerated soils especially those derived from limestone 
usuallj are not corrosive High resistance soils are usually non corrosive unless they 
are poorlj aerated 

Soils frequently have properties or characlenrtics some of which indicate that the 
soil IS corrosive and others of which indicate the oppo ite On this account it is 
“ometimes difficult to tell from soil analysis whether or not a soil is corrosive This 
fact Is illustrated by Table 2 wl ich shows some of the properties of five corrosive 
and five non corrosive «oils m the Bureau of Standards soil corro'ion tests® 

It will be noted that with one exception the soils m the corrosiv e group are low 
m electrical re^istivi j and contain considerable quantities of salts The non-corro'ive 
group have high resistivities There is no apparent relation between the total acidity 
and the corrosivity of tl c soils in Table 2 However when total acidity is the chief 
variable as m Table 3 the relation between acidity and corrosion is more evident 


Table 3 REL^VTION OF ACIDITY TO REPAIRS IN SOIL TYPES* 
Revistmty 4000 to 5000 ohm cm 


SoilTyp* 

Total Acid ly 
m II gram equivalents 

P pe-L net 

Itepa rs % 

W Buseon fine (andy lonmt 

7 5 

6 3 

Caneadea a It loam 

12 7 

13 3 

M am 1 1c loom 

16 8 

22 8 

Mahom&z * It loam 

18 1 

20 0 

Trumbull clay loam 

21 1 

20 0 

Crotb} t It loam 

22 0 

30 8 


*I A DeosoDsiidA P CMing Corro* venc^s of C«rta n Oh o Soil« iSOTt 5 i 40 (No 4) 2S7 
(193a) 

t Include* spot welds half soles and replaeemente neees. tsted by leaV* or corros on. Expressed 
as percentaoe of p pe hue requ nnS repairs Average age of S p pe 1 ne* 33 year* 

t One sample 

Table 4 shows the phj ical properties of twenty four soils arranged in order of 
decreasing corro iveness In general the corrosive soils in this table are poorly 
aerated That poor aeration does not always make a «oil corrosive is indicated by 
the twenty -second and twenty fourth «oiIs The table also ■'hows that some high 
resistance ’'oils are corro‘'ive The rea*»n for lack of close relationship between 
physical properties and corrosion is that chemical properties and bacteria al o 
influence corrosion In many cases the conflicting indications of the chemical and 
phj leal properties of a soil cannot be evaluated with sufficient accuracy to ju tify a 
statement as to which is the controlling factor, or as to the corrosiveness of the soil 
except as experience indicates 

* Corrosion in So la ” Nal»<mal Bureau o/iSajjKilird* J>aw <7irc LCCS9 (1942) 
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Table 4. CORRELATION OF SOIL CORROSIVITY WITH THE 
PHYSICAL PROPERTIES OF SOILS* 


Relative 

Corrosive- 

ness 

Soil 

No. 

Moisture 
Equiva- 
lent, % 

Aera- 

tion 

Air-pore 
space, % 

Apparent 

Specific 

Gravity 

Volume 
shrinkage, % 

Resistivity 
at 15.6° C 
(60° F), 
ohm-cm 

It 

28 

19.6 


2.5 

t 

5.9 

408 

• 2 

43 

t 

' VP 

t 

t 

t 

60 

3 

14 

12.2 

F 

14.4 

1.76 

1.0 

3,520 

4 

4 

22.2 

P 

7.0 

1.78 

2.2 

6,670 

5 

40 

31.0 , 

P 

2.3 

1.78 

16.4 

970 

6 

42 

24.8 

F 

14.9 

1.79 

4.7 

13,700 

7 

37 

7.0 

F 

, t 

t 

0 

11,200 

8 

8 

34.8 

P 

8.7 

1.56 

21.0 

350 

9 

11 

31.3 

G 

15.5 

1.49 

8.6 

11,000 

10 

16 

16.5 

F 

12.0 

1.65 

0.6 

8,290 

11 

39 

18.3 

P 

7.5 

1.72 

3.8 

7,440 

12 

41 

28.1 

F 

6.9 

1.61 

14.6 

1,320 

13 

44 

25.3 

G 

7.2 

1.55 

6.0 

1,000 

14 

3 

29.9 

G 

18.2 

1.60 

7.0 

30,000 

15 

30 

24.0 

P 

7.2 

1.81 

7.5 

1,500 

16 

32 

11.8 

G 

11.7 

1.85 

0.1 

5,700 

17 

19 

26.3 

F 

3.9 

1.76 

11.8 

1,970 

18 

2 

35.2 

P 

2.0 

1.95 

23.0 

684 

19 

22 

28.4 

G 

9.6 

1.67 

3.0 

5,150 

20 

18 

22.0 

6 

16.6 

1.26 

1.3 

1,410 

21 

25 

18.6 

F 

9.5 

1.95 

7.6 

1,780 

22 

7 

36.4 

P 

3.7 

2.02 

34.5 

2,120 

23 

36 

14.9 

G 

16.0 

1.62 

0 

11,200 

24 

17 

27.7 

P 

4.4 

1.72 

5.4 

5,980 


* “Underground Corroaion/' National Bureau of Standards Circular C450 (1945) 
t Most corrosive soil. 

J Not determined. 

VP = very poor; P = poor; F « fair; G =» good. 


THE BEHAVIOR OF METALS AND ALLOYS IN SOILS 
Low-Alloy Steels 

If representative samples of the commonly used ferrous materials are buried side 
by side, they will corrode at somewhat different rates. If the experiment is repeated 
under the same or different soil conditions, the relative merits of the materials may' 
appear somewhat different. Most exposure tests of the past have not included a 
sufficient number of identical specimens exposed to identical conditions to justify 
a conclusion as to whether the apparent differences in merit are accidental or real. 

If the depths of the maximum pits on specimens of commonly used ferrous materials 
are avmraged for a number of soils, the differences in the rates of corrosion of most 
of them lie within the sum of their standard errors. This is illustrated in Fig. 3. It 
will be noted that the pit depths on the 1%-in. diam. specimens are less than those 
on the 3-in. diam. specimens, i.e., the pit depth is a function of the area of the 
specimen.'?* Figures 4 and 5 permit a comparison of the pit depths on cast iron, 
wrought iron, and steel. 

• The relation of pit depth to area of the specimen and time of exposure is discussed on p. 1051. 

^K. H. Logan, "Engineering Significance of National Bureau of Standards Soil Corrosion Data” 
J. Research Natl. Bur. Standards, 22, 109 (1939). R.P. 1171. ’ 
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Table 6 shows the pit depths for low alloy eteels after 4 j ears exposure to fourteen 
Eoib With one exception each material appears be®t for at least one soil condition 
and worse for some other soil conditions This if not accidental may mean that 



the choice of pipe material to be expo-ed to a definite 'oil condition 'hould not be 
based on its a\ erage performance in many 'oila 

High Allot Steels 

Table 6 'hows the performance of 'ome high alloy 'teels 'None was free from pits 
m all 'oila The weight losses indicate that the diameters of the pits were email 

Copper a.vd Copper Allots 

Copper and copper alloys corrode much more 'lowly than steel under mo't eoil 
conditions as is 'hown in Tables 7 and 8 Table 7 is too fa\ orable to the copper 
alloys subject to dezincification 'race their appreciable loss of 'trength is not measured 
by their loss of weight For example Munt* metal is unsatisfactory for use in many 
soils because of dezincification 
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ANALYSES OP MATERIALS IN FIGURE 4 
Fer Cent 


Material 

c 

Si 

A 

0 016 

0.10 

B 

0.017 

0.125 

C 

3 50 

2.50 

D 

0.14 

0.19 

E 

2.98 

2.13 

F 

3.58 

1,64 

G 

3 58 

1.64 

H 

0 04 

0.05 

I 

2.53 

1.43 

J 

2.90 

2.04 

N 

0.15 


P , 

0.13 


R 

0.05 

0.28 

X 

0.12 

0.277 



Ni 

Cu 

Mo 

0.15 



2.47 

1.08 


15.0 

6.58 



0.52 

0.15 


0.51 



0.62 


8.85 

0 287 
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Other Materials 

Lead is more corrodible than copper and high copper allojs but less corrodible 
than steel m most «qiL as 13 indicated m Table 9 Le4d corrodes rapidly m some 
soils which contain organ c acids and \erj 1 ttle m soils high in sulfates Behaiior of 
lead buried in soiU 13 aLo di cus. ed on p 612 
Zinc IS not used extensn ely underground except as a protectn c coating m \ h ch 
probablj the protection of the base metal i largely at the expense of the zinc Table 
10 indicates that zinc corrodes rapidly in some soils 



Pjo 5 rougJ 1 Iron and Steel Pipe JJurJed 9 1 ears jn i fj el anna Clay at Meridian 
Miss (SolO*») 

A low-carbon lube A hand puddled wroughi ron B mach oed puddled wrought ron U copp>er 
molybdenum open hearth ron D n ckel-copper e eel P 5% ehrom um e eel 

Data on aluminum and aluminum alloys buried for file years are presented in 
Table 6 p 50 

A^be to cement pipe exposed to fourteen soil* for 4 lears showed no signs of 
deterioration other than a «ofteniDg of tl e surfaco layer which was not applied xmder 
pressure® Although the tests do not coier a sufficient period of exposure to justify 
final concl isions they in licate tl at p obably a^besto. cement p pe formed under 
pressure is not affected by soil acids or salts 

*K H Logan and Melvin Romanofl So l-Corroe on Stud es 1941 J Beiearch Natl Bur Standardi 
33 lia (1944) R.P 1602 






Table 5. MAXIMUM PENETRATION OF ALLOY IRON AND STEEL PLATES EXPOSED FOR FOUR YEARS* 

In Mils 
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Tadlb 6. AVERAGE LOSS 01 WEIGHT AND MAXIMUM PLNI TRATION OE IIIGU-ALLOY SHEETS EXPOSED 



a higher in tisl rat* 7 Aieroge loss of -ne ght or pit depth of 1039 rem 

ifwnt lh« maximum *• The number in parsnlhe^cs after the pit depth 



Table 7. LOSS OF WEIGHT OF COPPER AND COPPER ALLOYS EXPOSED FOR NINE YEARS* 
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Alloy 

Low- 

Carbon 

Steel 

' * 
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o Z N 
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0.18 

0.69 
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0.08 

3.26 

0.38 

0.42 

3.12 

0.6711 

0.40 

0.5411 

5. 68 

95%Cu, 
3% Si, 
l%Mn 

c^coco»oc? n o 

ecc^tooow o rtl to (S CD to 0^ 

O o' O* »H o’ O* O* c<i o’ o’ <N 

98%Cu, 
1.5% Si, 
0.2% 
Mnt 

1.65 

0.31 

20.9 

^ a 

d“s 

OO 

C5 ^ O 

OOOLOCOW OOMOCiC^ to to 

tOTltiOO*^ to Ti* 

ddo*HO e^ddo<«i< d od 

IN 

o .i ..r S 

N U CQ 

(0 m ” ,-i 
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0.32 

0.67 

1.85 

0,16, 

2.9211 

0.54 

0.61 

3.8311 

2.08 

0.87 

1.39 

7,92 

Muntz 
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0.46 

0.71 

1.07 

4.62 

0.03 
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0.89 

0.52 

0.72 

7.48 
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0.66 

1.0211 
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Lake Charles clay 
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X Data for one specimen only. Z indicates specimens destroyed by dezincification. 

§ Average for three specimens. D indicates specimens destroyed by corrosion. 

{| Data for the individual specimens differ from each other by more than 


















Table S MAXIMUM PEMETHATION OF COPPEU AND COPPCa ALLOYS EXPOSED TOR NINE YEARS 
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Ollier by more no measurable pils greater than 3 mils was badly d^uncified 



Table 9. LOSS OF WEIGHT AND MAXIMUM PENETRATION OF LEAD PIPE EXPOSED, TWO AND FOUR YEARS* 
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* Kirk H. Logan and Melvin Romanoff, “Soil-Corrosion Studies, 1941/’ J Cu, 0.082%; Te, 0.043 %; Sb, 0.0011 %, 

J. Research Natl. Bur. Standards, 33, 145 (1944 ). R.P. 1602. See asterisk footnote § Cu, 0.030 %; Bi, 0.016 %; Sb, 5.31 %• 

Table 6. P indicates definite pitting but no pits greater than 6 mils, 

t Cu, 0.056 %; Bi, 0.002 %; Sb, 0.0011 %. If Data for one specimen only. 
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Table 10 LOSS OF EIGHT AND MAXIMUM PENETRATION OF ZINC 
PLATES EXPOSED FOR FOUR 1'EARS* 

Metals — rolled *inc (0 095 Pb-0 0038 Cd-000» Fe) Die east A STM Alloy XKV 

Specimen B *e — rolled sine — 30 5 X o9 X 038cni (12 X2 3 X 0 15 in.) die castingB — 17 3 X 11 3 X 

0 318 cm (6 81 X 4 44 X 0 125 m ) 

Number — duplicate. 

Eiposure period — 4 years 
Temperature — natural for soil 


Son 

Rolled Zioe 

Die-Cast Zmc 

No 


Loes of 

Maaimuia 

T/»q nt 




Weight 

Penetration 

Weight 

Penetration 



rmlH 

mila 



53 

Cetil tSsy Iniim 

1 30 

10 

1 13 

22 

55 

Hagentown toam 

1 2a 

8t 

1 27 


56 

Lake Cbaflea clay 

7 IS 

26 1 

10 3a 

30 

58 

Muck 

10 6 

66 

13 2 

2a+(21j 

60 

Rifle peat 

21 6 

loot 

31 2 

12a+ 

61 

Sharkey clay 

2 00 

8 

2 34 

28 

62 

SuBquehazma clay 

2 59 

9 

1 2a 

16 

63 

Tidal manh 

4 801 

34 

2 98 

24 

61 

Docaa clay 

1 19 

IS 

5 28 

20 

65 

Chino «dc loam 

1 o9 

30 

J 59 

16 

66 

Mohave fiee gravelly loam 

5 451 

28 J 

9 90 

124+ 

67 

Oodera 

2a 4f 

118+(2)t 

27 3 

12a+ 

63 

Houghton muck 

3 5a 

10 

3 42 

36 

70 

Merced gilt loam 

3 38!) 

102-1*1 

4 671! 

80+ 1 


*k.H Logan and MsImq Romanoff Soil-Corrcsioo Studies IMl / ArlMr^^at2 Bu Sletidards 
33 Uo (1944 ) R P 1603 See aateruk footnote Table 6 
t Lmform eorrosion no reference surface lefts 

t Data for individual specimens differed from Ibe average by more than iji% 

i 4- lodicatea that one or both spec mens punctived by corroeion from ene side of the plate. (2) In* 
dieaies that one specimen from the previous removal was punctured after 2yeara 
I! Data for one specimen only the other specimen was destroyed by corrosion. 

PROTECTI\TE MEASURES 
Protective Coati>g Considerations 
Protective coatings on pipe lines sene under adrer=e conditions Because thej are 
usualb applied before the pipe is m final position pipe coatings are 'ubject to injurj 
while the pipe is being transported and laid A large part of the failures of coatings 
Is attributable to «uch injuries Stones and bard clods frequent!} injure coatings while 
the trench is being back-filled Later, moiements of the pipe because of changes in 
temperature and movement of “oil, as the coating shrinks on drying or swells on 
absorbing moisture, work stones into or through it The weight of the pipe ma} 
cause the coating beneath it to ffow wilh «imifar effects produced by the weight and 
eeltlmg of the soil 

Some pipe lines are coated and laid in weather frequeotlj unfarorable for eatisfac- 
tor} field applicabon Moisture, du t, the necea-itj for tpeed inadequate eqiupment, 
and m-ufficient ekilled labor are the causes of many coating failures 

■METV.LIJC Coatings — Levd, Cadvadm, ant> Zinc 

yLead coatings usually contain pinholes or are too thin to re'i't corrosion except 
m 'Oils conta mng 'ulfates Lead is cathodic to iron , hence the lead coating tends to 
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accelerate the corrosion of iron as soon as the coating is punctured. (Soil-exposure 
tests on lead-coated steel are discussed further beginning p. 849.) 

All the specimens of cadmium-coated pipes in the A. P. I. tests were rusted or pitted 
within 4 years.^ , 

Zinc is the only metallic coating used extensively for underground service, and most 
of this use is limited to small-diameter pipe. In some soils the formation of zinc 
carbonate provides a partly protective coating; in others after corrosion has punc- 
tured the zinc the iron beneath is cathodically protected. The distance from the zinc 


Table 11. LOSS OF WEIGHT AND DEPTH OP MAXIMUM PENETRATION 
OF GALVANIZED AND BLACK IRON PIPE EXPOSED POUR YEARS* 


1 

Soil 

Galvanized Pipe, 

3.08 oz Zn/sq ft 

Black Iron Pipe 

Condi- 


Type 

Loss of 

Pene- 

Loss of 

Pene- ! 

Coatf 

No. 

Weight 

traiion 

Weight ' 

1 

tration ' 




mdd 

mils 1 

mdd 

mils 


53 

Cecil clay loam 

2.9 

6 

6.0 

98 

2 

65 

Hagerstown loam 1 

2.55t j 

8 

5.4 

50 

2 

56 

Lake Charles clay 

8.1 

7 

33.5 

104 

2 

58 

Muck 

11.3 

21t 

18.2 

46 

3 

60 

Rifle pea't 

15.0 

12 

16.8 

38t 

3 

61 

Sharkey clay 

3.1 

12 

10.4 

45 

2 

62 

Susquehanna clay 

4.8 

9 

9.0 

66 

2 

63 

Tidal marsh 

4.5 

10 

19.2 

38 

1 

64 

Dooas clay 

3.3 

9 1 

12.4 

67 

2 

65 

Chino silt loam 

4.7t 

6 

9.5 

59 

3 

66 

Mohave fine gravelly loam 

7.0 

8 

25.8 

145-)-(2)§ 

2 

67 

Cinders 

11.3 

45 

77.411 

145+ (2) § 

3 

69 

1 Houghton muck 

7.0 

11 

6.9 

20 

3 

70 

Merced silt loam 

9.5 

12 

20, 3t 

118+ 

3 


* K. H, Logan and Melvin Romanoff, “Soil-Corrosion Studies, 1941,“ J. Research Natl. Bur, Standards, 
33, 145 (1944). R.P. 1G02. See asterisk footnote Table G. 

1 1, Coating on more than 50% of surface; 2, coating on less than 50% of surface; 3, little or no coating 
remaining. 

t Data for individual specimens differed from each other by more than 50%. 

§ -f indicates hole in one or both specimens caused by corrosion; (2) indicates that one or both speci- 
mens were punctured after 2 years exposure. . 

li Data for one specimen; the other specimen was destroyed. 


at which the iron is protected ranges from a fraction of an inch to several feet, 
depending upon the character of the soil. The duration of the protection of iron by 
zinc is usually proportional to the thickness of the zinc. Table 11 indicates that in 
corrosive soils a zinc coating of 3 oz per-sq ft of exposed surface will not prevent 
the rusting of galvanized iron for 4 years.io Earlier tests by the Bureau of Standards^ 
in some of the same soils as those of Table 12 indicated that a 3 oz per sq ft zinc 
coating would prevent pitting in most soils for 10 years. No explanation has been 
found for the lack of agreement between the two experiments except that the speci- 
mens in the earlier tests (Table 12) were passed through the zinc bath twice. (Zinc 
coatings in soils are discussed further beginning p. 814.) 

® K. H. Logan, "A. P. I. Coating Teste, Final Report,” Froc. Am. Petroleum Inst., (IV), 32 (1941). 

K. H. Logan and Melvin Romanoff, “Soil-Corrosion Studies, 1941," J Research Natl. Bur. Standards 
33, 145 (1944). R.P. 1602. - ^ ' 

K. H. Logan and S. P. Ewing, " Soil-Corrosion Studies, 1934,” J. Research Natl. Bur, Standards 18 
361 (1937). R.P. 982. ’ ’ 
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Table 12 CORROSION OF GALVANIZED PIPE* 

Averaeewt of eoatmg — 2 S oz Zn/square ft. 

Aiefage time buried — 10 years 
Z — zinc continuous o>rr epeeimea 

A — blue or black alloy layer expoaed over at least a portion of specimen. 
fi — rusted or bare steel exposed 

J/— shallovi metal attaelc no pit as great as 10 mils total depth 


Soil No 

Soil Type 

mdd 

Condition of Coating 

1 

Allis Silt loam 


R 




2 










Dublin clay adobe 

1 5 

R 

0 



2 






I argo clay loam 

0 61 







Gloucester sandy loam 

1 0 

R 

11 

12 

Hagerstown loam 

0 71 

A 

IJ 

Hanford very fine sandy loam 







lo 

Houston black clay 

0 2J 

Z 

10 

Ivalroia fine sandy Ioann 


.. 

17 








20 




32 

AJemphis tilt toom 

10 1 

H 

23 



i» 7 mils per year 

24 

Memmac gravelly eandy loam 





zx 

20 



27 

Miller clay 

0 76 

4 

2S 








30 




31 




82 

Ontario loam 

0 47t 

R 









36 




37 




88 

Sassafras gravelly, sandy loam 

0 177 

2 

40 

Sharkey clay 

0 78 


41 




42 

Susquehanna clay 

0 o9 


41 

44 

Tidal marsh 

VV abash silt loam 

1 It 

A 

45 




4(1 




47 

Lzudeotified silt loam 

0 84 

A 


•lurk II Logan and S P Esing Sod-CorrosiOD Studies 1931 J Rt^tanh \t,tt Bur Sinmlcrds, 
18 361 (1937) R P 982 

tThere were two specimens of this material The condition is for the worst of these specimens 
1 'So specimens 10 years old were removed from soil 2o The data given are for specimens exposed 8 

Cement Mortar 

Cement and concrete coating hating thickne*'^ of an inch or more hate proted 
%cr\ sati«faetorj , especially if the coating is etenly applied, dense, and made of 
suIfate-resisting cement The coating retains its aikahnit; for S jears at least Hon'- 
eter, rust and pits have been ob'erved on pipes where cement coatmgo have been 
punctured Some porous cement costings have not afforded complete protection A 
handy metal form for applying concrete coatings lias been described 
n J H Peper, OH and Gas J 32 (No 33), 9, (No 37) 34 (1934) 
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Grease Coatings 

petrolatum base coatings, with or without a chromate inhibitor, and usually 
reinforced or shielded, or reinforced by a metal fabric or wax, are the most effective 
of the cold applied coatings. Their makers claim that it is not essential to have the 


Table 13. SUMMARY OF CONDITIONS OF LINE PIPE UNDER 
A. P. I.' COATINGS AFTER TEN YEARS* 



Coating 

Total 

Unaf- 

fected 

Rusted 

Metal 

Attack 

Pitted 

Depth 

Thick- 

ness, 

mils 

Character 

f 

Feet 

Inspected 

Per Cent 

Per Cent 

Per Cent 

Per Cent 

Deepest 

Pit 

21 

Cutback coal tar 

1. 

166 

Appl 

1.2 

ications 
o 4 

9 0 

84.5 

millimeters 

8.18 

mils 

322t 

65 

Asphalt emulsion 

178 

0 

0 

1.7 

98. 3 ^ 

8.18 

322t 

60 

Coal-tar-asphalt enamel 

152 

2. Enat 

13 8 

ids 

13 8 

10.7 

02.0 

6.71 

204 

69 

Coal-tar-asphalt enamel 

183 

7 2 

8 2 

29 6 

55.0 

4.95 

195 

58 

Coal-tar enamel 

151 

0 

0 

2 0 

9S.0 

5.87 

231 

80 

Coal-tar enamel 

157 

19.8 

3.8 

6.4 

70.1 

8.18 

322t 

519 

Asphalt mastic 

213 

3. jV 
72.5 

islic 

18 4 

6.0 

' 2.8 

0.97 

38 

29 

Cutback asphalt 

104 

4. Shielde 
1.2 

d Coating^ 
10 4 

t 

18.3 

70.0 

5.08 

200 

419 

Asphalt emulsion 

170 

3.5 

39.0 

21.8 

35.9 

2.72 

107 

63 

Coal-tar-asphalt enamel 

202 

29 3 

17.9 

25 3 

27.8 

8.18 

322t 

SI 

Coal-tar enamel 

177 

43.0 

4.0 

5.1 

48.0 

6.10 

240 

107 

Grease 

5. 

20S 

Reinforce 

0 

i Coatings 
4.3 

29.4 

00.3 

2.26 

89 

150 

Asphalt 

160 

0 

1 7 

23.5 

75.3 

7.37 

290 

151 

Asphalt 

192 

4.7 

8.9 

36.5 

50.0 

5.00 

197 

201 

Asphalt 

228 

0.4 

9.7 

40.1 

44.1 

4.06 

160 

143 

Asphalt enamel 

208 

20 2 

9.2 

20.2 

50.5 

5.00 

197 

171 

Coal-tar-asphalt enamel 

218 

30.8 

0.0 

23.5 

39.9 

3.20 

126 

351 

Coal-tar enamel 

175 

14.9 

14.3 

33.1 

37.7 

1.47 

58 

230 

Asphalt 

229 

5.2 

13.5 

61.1 

20.1 

3.15 

124 


Total 

3,537 

14.7 

10.0 

22.9 

52.2 




*Kirk H. Logan ,"A. P. I. Pipe Codting Tests. Final Report,” Proc. Am. Petroleum Inst. (IV), 21, 32 
(1940). 

t Through pipe. 


pipe free from moisture or rust. The coatings seem to serve best in wet soils. The 
perfomance of one such coating (Table 13) is -included below under bituminous 
coatings. The pits formed beneath this type coating were frequently very small in 
diameter. 

[Bituminous Coatings* 

Kellyis has stated that 50% of the steel pipe lines in the United States have 
protective coatings and that 80% of the coatings are coal-tar base materials. Most of 

* See also Bituminous Coatings, p. 898. 

T. P. F. Kelly, Performance of Coal Tar Protective Coatings in Commercial Use, Fifth National Bureau 
of Standards Underground Corrosion Conference, 1943. Unpublished. 
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the other coatings are derued from petroleum asphalt Thin bituminous and paint 
coatings ha^e onij temporary ^a!ue as pre% entires of corronon although recent 
data #ugge t that the> may be eflecU\e m reducing the current required for cathodic 
protection There is inconclusne eMdence that under fome conditions corronon 13 
accelerated b> a defectire coating 

Thick bituminous coatin&s e-peeiallj coal tar pitches, ha% e a tendencj to cold Bow 
and on this account practicalb all thick coal tar pitch coatings and some asphalt 
coatmgc contam 10 to 307o of finely divided fillers such as ground elate silica flour, 
or mica *5 Some coating manufacturers u«e slaked lime (calcium hj drotide) ■with 
the intention that if moi ture penetrates the CoaUng the alkaluiit> of the lime ml] 
retard corrosion Some coatmg «pecifications prohibit the use of lime became of the 
behef that it makes the coating less moistureproof There are few i^ata to support 
either ^ lew Bituminous base coatings containing up to 50 % of mineral filler are 
commoalj referred to as enamels Thej tarj greats xn ph3«ieal properties because 
of difiereuces m the charactenetics of the bitumen and the kind and amount of filler 
The earb coal tar enamels had high leropemlure eoeSexent? tended tn 

in hot weather and to crack if the weather turned suddenly cold To o\ ercome these 
feature some coal tar enamels are now modified (plasticized) and «how temperature 
«iLCeptibiUtics 'imilar to tho e of asphalts Plasticized enamels are said to be some- 
what more expensn e than the older enamels and to require more careful application 

In order to obtain a thicker coating and one more re istant to rough handling and 
soil stre« ^lan^ coating manufacturers applj alternate la% ers of enamel and rag or 
asbestos felt to the pipes to be protected This in.ures greater freedom from pmholes 
and hohdaj s more moisture resistance because of the greater thickness of the bitumen 
and more resistance to «hock pressure and abrasion Some of the rag felts rot or 
ab'orb moi ture when the coating is expceed to -wet soils and thua act as wicks which 
conduct mouture mto the coating and to tbe pipe Because of thi« asbe&tos felt is 
preferred bj mam although it does not distribute eTteroa) pressures as well because 
it IS usuall^ thinner and not ‘'O stiff as rag felt 

One of the mo-t detailed epecificatioos for a (;oa{ tar enamel coating is that of the 
American ^ ater Works \vocialion The «pecificatioQ includes the amount of filler 
'oftemng pomt «hock, flow and low temperature te«ts electrical inspection and 
method of application as well as method of bamllias the coated pipe 

In lieu of reinforcements 'ome coating manufacturers u e a graded aggregate with 
onIj enough bitumen to fill the 1 oids between the «olid particles The material which 
has a ■structure «imilar to that of concrete is kiiown as a mastic The coating con 
tainmg about 12 % of asphalt usuallj half an inch to an inch It is extruded 01 er 
the pipe either at a coating plant or m the field The field joints are applied under 
pressure bj means of a metal form 

The Usefulness of Bitnininous and Other Coatings The ^alue of a protective 
coating has been \anouslv e timated The Interstate Commerce Commission^® and 
a committee of the American Petroleum Institute agreed upon the following additions 
to the life of a pipe line on account of protectne coatings pamt coatings 1 3 ear, 

1* K. H Logan “The Effect of ProtecUT* Coalmen on th* Rat* ©f PitUng of Pipe Lines ” Proe. Am 
P<tToifum Irut 22 34 (1942) 

G Stneter The Effect of Mineral on the Serviceability of Coating Aephalte Ptoc. Am. 

Soc. Tesitnff Afalcrt-jit 3S (No* 4S6 (1936) 

t*AWW'4.Standaid'!pcci6catonBforCoalTarEnamelforSteelPipe 7A 5 (1940) 7 i 6 (1940) Aroen- 
can Water Worha As*ociat on. 

” ^ J Swank. Moulded Coating Halts (W Pipe ODrrosioii''£Tee tforld 101 134 (1923) 
on Docket 1"03 Atlantic Pipe line Co Intei-late Cotninerce Commiason 1937 
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bituminous coatings, single ply, 5 years; double pb’', 7 years; cement coating, 20 
jmars. Probably the values represent the average performance of coatings at the time 
of the agreement rather than the maximum usefulness of these types of coatings. 

It is claimed that present-day coatings are better than those applied a number of 
years ago. Unfortunately, there are few unbiased data on the usefulness of the newer 
coatings. A most extensive and carefully planned investigation was made jointly by 
the more important coating makers, the American Petroleum Institute, and the 
National Bureau of Standards.!® The coatings were applied to working pipe in 
various soils. Table 13 shows their effectiveness at the close of 10 jmars expojpire in 
terms of the condition of the pipe to which the coatings were applied. None of the 
coatings completely protected all the pipes to which it was applied. No coating failed 
to reduce the total amount of corrosion, but in some cases the maximum pit depths 
on coated pipe were greater than those on adjacent pipe. It is impossible to establish 
the reason for this condition, although several explanations have been offered.®® 
In general the effectiveness of the coating was proportional to its thickness. Since 
the results were published, several of the coatings have disappeared from the market. 
Several of the tested coatings, however, are still being sold with but little change 
except more careful application. More coatings are now machine applied, and this 
has eliminated some of the causes of failime. Electrical testing of coatings has insured 
more perfect coatings. 

Service Tests for Coating Failures. Pearson®! has developed an apparatus making 
use of a system of electrical measurements for locating pinholes and injuries in 
coatings on buried pipe lines without uncovering the line. A crew of three to four 
men can electrically inspect about 3 miles of line per day. Such inspections enable 
the pipe line owner to determine whether the coating is protecting his line and where 
the coating has failed. 

An inspection of the coating by means of this apparatus a year or so after the 
pipe is laid will show whether the coating has been properly applied and handled, 
and subsequent inspections by the same method will indicate the progress of coating 
deterioration. 


1 / 


ScfixT"': 


Treatment 


Soil treatment may take three forms; (1) the addition of chemicals to neutralize 
corrosive soil properties or accelerate the formation of protective films; (2) the 
replacement of corrosivqsoil next to the pipe by less corrosive soil ; (3) water drainage. 

The Dutch Corrosion Committee®® reported the examination of a 9-year-old pipe ' 
laid in a bog, surrounded by a layer of sand to which lime had been added. Analysis 
of the sand showed that it contained 5.1% CaCOs and had a pH of 7.9. The pipe was 
not corroded except at a point where the sand was no longer in contact with the 
trench. 

Wichers,®® who made extensive studies of underground corrosion in Groningen, 
Holland, suggested three ways of improving soil conditions: (1) using impermeable 


K. H. iKDgan, “A. P. I. Pipe Coating Tests, Final Report,” Proc. Am. Petroleum Inst. (PV), 21 32 
(1940). 

K. H. Logan, "The F.ffect of Protective Coatings on the Rate of Pitting of Pipe Lines,” Proc Am. 
Petroleum Inst., 22, 34 (1941). ' 

J. hi. Pearson, "Electrical Examination of Coatings on Buried Pipe Lines,” Petroleum Engr 12 (No 
lOh 82 (1941). 

“ Second Penml of the Dutch Corrosion Committee for the Study of the Corrosive Effect of Soils on Pines 
1935. Unpublished. 

“ C. M. Wichers, The Corrosion of Pipe Lines Due to the Earth Contact, Fourth National Bureau of 
Standards Underground Corrosion Conference. 1937. Unpublished. 
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earth for the upper lajers of the trench and water drainage where necessary 
(2) kneading pJasCic eJay or loam around the pipe (3) surrounding the pipe with 
sand or earth neutralized with hiae 

Claj and sand ha\ e been iLcd to surround short stretches of pipes in the Un ted 
Stateo e pecia!l> when the pipe pa&cd through made ground containing cinders 
The practice is not general and no definite results ha^ e been reported but no doubt 
thesi, materials are le^s corro ne than ctndera and rubbish Wore frequently a hea%'> 
bituntgous protectiie coating or one of concrete la used for such conditions 
*c 

CORROSION BY MICRO ORGANISMS IN AQUEOUS AND 
SOIL ENVIRONMENTS 
Ratmosd F Hablet* 

INTSODUCTOR\ CONSIDERATIONS 

Microbiological corrosion maj be defined as the deterioration of a metal by corro- 
sion proce® PS which occur either directly or lodirectly as a result of the metabolic 
actnitj of micro-organi'ms 

It IS e 'ential in sludj mg the microbiological aspect of corrosion that such corro- 
sion be clearly differentiated from the microbiologicaf fouling so frequentfj ob«ened 
in water pipe lines and on metallic surfaces expo«ed to mi cellaneous aqueous environ 
meats Microbiological corro ion and microbiological fouling are not s^non^mous 
and the occurrence of one of the«e processes does not nece'sarily mvoh e occurrence 
of the other although thej raa> frequently coexist 

The Influence op Micpo-oroanisms on Corrosion Processes ^ 

Micro organisms contribute to corrosion b^ one or more of the following factors 
each of which is dependent upon the ph>siological characteristics of the micro- 
organism 

A Direct influence on the rate of anodic or cathodic reaction 
/I Change of surface metal film resistance bj their metabolism or products of 
metabolism 

'■3 Creation of corro«ne enMronment 

-"4 Estabh hment of a barrier bj growth and multiplication 'o as to create elec 
trol} tic concentration cells on the metal surface 
Tbrfe% efop and grow mo't micro-organi ms mu^f fiai e a^ ail'afife certain inorganic 
ind organic chemical compoundo to «upplj the oxjgen carbon nitrogen hjclrogen 
or 'ulfur necessaiN to their metabolic pr ocessesj Thc»e compounds are subject to 
considerable \anation in regard to both chemical composition and the relative 
quantities of each required b> a specific bacterium Microbiological literature reports 
a number of orgam'uns with which we are concerned in microbiolog cal corro ion that 
ire actual!} autotrophic and thus able to develop and sustain growth in environments 
devoid of organic nutrients 

The micro-organisms associated with corrosion *'hould not be considered in anv 
:ense as being re-^ncted to a «oil or soil type as compared with an aqueous environ 
ment or vice v er=a Availability of vanoa inoi^nic and organic nutnents in a giv ea 
envoronment together with other factor* «uch as pH oxygen concentration and tem 
perature will determine whether or not microbiological dev elopment can take place 


•Susquehanna Pipe Line Co Ph laJelph a Pa. 
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It is possible, so far as corrosion is concerned, to select any non-corrosive washed 
silica sand and make this sand severely corrosive by the simple expedient of suitably 
adjusting both the chemical and associated environmental conditions. Little, if any, 
fundamental difference exists between microbiological corrosion in aqueous media 
and in soils, except so far as the physical characteristics of the environment itself 
may limit optimum concentration of chemical nutrients required to insure active 
microbiological gi-owth. Once the knowledge has been gained as to how each micro- 
biological corrosion process functions, it is necessary only to evaluate the environ- 
mental conditions at any location to determine whether or not any of the several 
microbiological corrosion processes can occur. 

The Micro-organisms Asso ciated with C orrosion 

Micro-organisms are frequently gi-ouped according to their ability or inability to 
grow in an environment containing atmospheric oxygen. Aerobic micro-organisms 
readily grow in such environments, whereas anaerobic micro-organisms develop most 
favorably in environments in which the concentration of dissolved oxygen approaches 
zero. 

The nature of the corrosion reactions promoted by the several different orders 
of micro-organisms in the aerobic group is considerably different from that fostered 
by the anaerobic group. All micro-organisms which appreciably influence the corrosion 
of metals can, therefore, be classified in either one or the other of two groups. Prom 
the standpoint of ferrous corrosion particularly, they may be listed in the order of 
importance given in this outline. 

I. Anaerobic Micro-organisms 

A. Sulfate-Reducing Vibrios. Type species Sporovibrio desuljuricans {Beijerinck) 
Starkey. Curved rods, 0,5 micron by 1 to 5 microns in size. These bacteria are motile 
and frequently occur in chains having a spiral shape. 

The role of these micro-organisms in contributing to corrosion has been extensively 
investigated. 

Unsatisfactorily classified by Bergey* under Schizomycetes; order I Eubacteriales; family 
III Pseudomonadaceae; tribe I Spirilleae; genus not mentioned; species referred to after 
genus IV Spirillum in Appendix as No. 6. See classification of Prevot.^ 

Included in this genus are several species, namely, Sporovibrio desulfuricans {Beijerinck^ 
1895, Rev. Baars, 1931) Starkey, wliich includes the halophilic strain [Salt (NaCl) tolerant] of 
Van Delden^ and the thermophilic strain of Elion®; Sporovibrio rubentschikii {Baars)^ Starkey j 
and Sporovibrio Rubentschikii var. anomalous \{Baars) Starkey. The strains are differentiated 
by their salt and temperature characteristics; the species are differentiated one from the other 
by their dehydrogenating characteristics. 

^ D. H. Bergey, et al., Bergey’s Manual of Delerminalive Bacteriology, 5th Ed., WilliamB and Wilkins 
Co., Baltimore, Md., 1939. 

^ A. R. Prevot, “Etudes de systematique baoterienne. V. Essai de classification des vibrions anaero- 
bies,” Ann. Vinst. Pasteur, 64, 117-125 (1940). 

®M. W. Beijerinck, "Uber Spirillum desulfuricans als Ursache von Sulfate Reduktion,” Centr. Bak- 
teriologie. Series II, 1, 1 (1895). 

‘‘ A. van Delden, “Beitrag zur Kenntnis der Sulfatreduktion durch Bakterien,” Centr. Bakteriologie, 
Series II. 11, 81 (1904). 

® L. Elion, "A Thermophilic Sulfate-Reducing Bacterium,” Centr. Bakteriologie, Series II, 63, 58 (1924). 

® J. K. Baars, Over Sulfaatreductie door Bacterien, Dissertation, Delft, 1930. 

’ R. L. Starkey, “A Study of Spore Formation and Other ..Morphological Characteristics of Vibrio 
desulfuricans," Archie Mikrobiologie, IX, (No. 3), 268 (1938). < 
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B Nitrale-ReduciDg Micro orgatusms 

Nitrate reduction i3 accomplished by a considerable number of the more common bacteria, 
mcludmg Eschenchui coh Psetjdomortaa fiuoreaeens Pseudomonas aeruginosa Mtcroeoeeus 
dentln^cans Proteus pu/^arw and Serrotta marceseens It is diffi ciib at the present time to 
classifj satisfactorily the mtrate-reducing mtcroorgamsms supposedly associated with 
corroaoD 

The degree to which the nitrate reducing bactena influence the corrosion of ferrous 
metals m the 'oil la still largely a matter of conjecture No proof has jet been offered 
to establi h definitelj their part in microbiological corrosion either m the laboratory 
or m the field 

C The Methane-Producmg Bacteria 

At least one «pecica is classified by Bergey under Scbizomycetes order I Eubactenales 
family \I Micrococcaceae genua I\ Saretna species 14 MelAano sarctna met/uinica Micro- 
biological methane fermentation howe>er may result from the metabolic processes of anum 
ber of micro-organisms mcludmg MetAanottaeterium omettansiti (rod-shaped) Melhano- 
coccus masei (spherical) and Melhanobaclerium so/ ngenu (rod shaped) 

The part plaj ed bj the methane bacteria in the corrosion of ferrous metals is stfll 
hj^jothetical and remains to be eatabUsbed 

n Aa mic MicH0-0 Rc.tM9MS 

A Sulfur Bacteria 

1 The Thjobacilli Tjiie species Thtoboalfus tfttoparus Bct;cnncfc® Small rod 

shaped cells ' 

Classified bj Bergey under ^hizonjcetes order I Eubactenales family 1 Nitrobactenaceae 
tnbe III Thiobacilleae genus \ II rAt«6<ictf/us 

The microbiological corrosion of iron or «tcel under entironmenta! conditions 
favorable for the growth of the thiobacilh Tfitobaeiflus Ihtooxidana in particular is 
well established The oolj question is concerned with the pretalence and economic 
importance of this corrosion process 

2 The Sulfur Bacteria 

Some of the mo^t widelj studied of these imcro-organisms are clas'ufied by Bergey under 
Scbizomycetes order ^ Thiobacterjales famih II Beggiatoaceae general III 

snlfiir hac^jiiaa Arj> rallied hcrausp aT their abihlji to JiDxe «ulfur iem 
poranly in their cells before oxidizing it to 'uUate Thej include the non pigmented 
genera Tfiiolhnx Beggialoa and TAtopfoca with numerous other genera of the red 
or purple pigmented organisms containing bactenopurpurm to be foimd in the 
eitensne literature referring to the subject 

B The Iron Bacteria 

Classified bj Bergey under Schizomycefes order III Chlaroydobacteriales family I 
Chlamjdobacteriaceae general I\ 

Included in this group of higher miercr-organisms commonly referred to as the iron bacteria 
arc the genera Crenol/inT Lep othrix Gallionella Sideroeapsa iSWercirumo* etc 

These higher micro-orgam-ins being tj^iical water forms hate been extensitely 
studied bj numerous mt estigators interested m water microbiologj 

• XI W Beijenack, Deb«r d e BaVeWnen irdebe BCh ito Duakeln out Kohleosaupe ala Kohlenstoff 
QueUe emahreo V5iiiieii Centr Baktendogte S«nn2 11,592 599 (1901) 
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C. Miscellaneous Organisms. > 

Included under this subheading are the numerous slime-forming bacteria, fungi, 
algae, protozoa, diatoms, bryozoa, etc. The role of these organisms in contributing to 
corrosion consists primarily in the establishment and maintenance of differential 
effects (concentration cells). The corrosion which occurs following their growth results 
more from other known corrosion reactions than from any effect attributable to their 
specific physiological characteristics. 

ANAEROBIC MICROBIOLOGICAL CORROSION PROCESSES 
Sulfate Reduction 

Of the many micro-organisms associated with microbiological corrosion listed in 
the outline, the sulfate-reducing bacteria of the type species Sporovibrio desulfuricans 
{Beijerinck) Starkey have the most prominent role, both as to prevalence and as to 
economic importance. 

Since this corrosion process results from the metabolic processes of anaerobic 
micro-organisms, it occurs only under environmental conditions where a high degree 
of anaerobiosis can be established and maintained. Such locations most frequently 
occur in aqueous environments, bogs, and water-saturated soils. However, even in 
waters and soils of high oxygen content, a sufficient degree of anaerobiosis may fre- 
quently occur at isolated points and permit the active development of these bacteria. 
A decrease in the oxygen concentration at such a point, due to biochemical reducing 
reactions, particularly cellulose fermentation, or even the presence of reducing metal 
ions, is often sufficient to permit the development of the sulfate-reducing bacteria 
In studying the serious corrosion encountered in Holland, von Wolzogen KiihrO 
concluded that the microbiological anaerobic corrosion of iron could be represented as : 

Anodic solution of iron: 

8H2O 8H+ + 8(OH)- 
4Fe -b 8H+ 4Fe++ -b 8H 

Cathodic depolarization: 

H2SO4 + 8H — H2S -b 4H2O 

Corrosion products: 

Fe++ -b H2S qzf: FeS -b 2H+ 

3Fe++ -b 6(OH)- 3Fe(OH)2 
The net overall reaction for the process was written :* 

4Fe -b H2SO4 + 2H2O — 3Fe(OH)2 -b FeS 

® C. A. H. von Wolzogen Kiihr, “De sulfaatreductie als corzaak der aantasting vani jzeren buisled- 
dingen” (“Sulfate Reduction as the Cause of the Corrosion of Iron Pipe Lines”), Water and Gas, VII 
(No. 26), 277 (1923). C. A. H. von Wolzogen Kuhr and L. S. Van der Vlugt, "The Graphitization of Cast 
Iron as an Electro-biochemical Process in Anaerobic Soils,” Water (No. 16), 147 (August, 1934). 

• From the standpoint of the electrochemical theory of con-osion, the above reactions can be analyzed 
somewhat differently, as follows: 

Anodic reaction; 4Fe ^ 4Fe'^ 4 8 e“ 

Cathodic reaction: 8 H 2 O > 8 H -f 80H“ - 8 e~ 

(The hydrogen atoms are adsorbed on the iron surface or dissolved in the lattice, in either instance im- 
peding the reaction by polarizing the cathodic element. .) Continued on next page. 
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The abov e equation indicates a theoretical ratio of the total iron in the corrosion 
products to the iron existing as sulfide in the same corrosion products of 4 1 Experi- 
mental determinations by \ on \\ olzogen Ivuhr of this ratio % aried, in ten analyses, 
between 24 1 and 3 4 1, whereas a •saturated aqueous solution of hjdrogen sulfide in 
contact with cast iron corrosion specimens resulted m a ratio equal to 1 Since differ- 
ential electroljtic cell effects may also exist m anaerobic environments the agreement 
between the expenmentallj determined ratio and the theoretical ratio is considered 
“atisfactory 

Subsequent ini esfigafions of the microbiologinl anaerobic corrosion proceyi hare 
been reported ** Starkey'^ and ^^Ightt8 ha%e studied ferrous corro- 

sion m connection with the dexelopment and practical application of oxidation- 
reduction potential measurements for locating active microbiological sulfate reducing 
areas in the field 

The laboratory investigations of Berkalof and Cabasso*® show that the emf of a 
ferrous electrode dunng the period of bacterial growth is 52 mv negativ e (anodic) to 
the emf of a similar electrode in sterile culture medium Employing corrosion cells 
contaimng two parallel ferrous metal electrode^, they found upon inoculation of one 


SmUtioI depoJamattm 


8H +C#S04 


and in the preseeee of carbonic acid 


4UiO + CaS 


Summary 


or 


CaS + 20* COj 2C*aiC0»)i + HjS 

4Fe +4llj0 +CaSO. +2I1}C0»— ^-IFefOHlj + H»S +2CB(lIC0ih 
4Fe +2II1O +CaS04 +2n*C0j >-3Fe(0Il)» + FeS +2Ca(HC0j)j 

Fbrob. 


Bunker The RoU of tbe Sulfat^RedaciUK Dactena in Melalbo Corroeion ^oe Bni Aitoe 
Be/nff 3S (No 1) 1S2 (1934-19371 Atuterobio Soil Corrosion. The Function of th« Sulfate-Reducing 
Bacteria, Ft/iA Rtpon Corroaioa Committee Iron and ^te«] lottitute Section F Part 3 p 431 (1938) 
Microbiological Expenmente la Anaerobic Corroeion J Sot Chem Ind. 68 93 (March 1939) Micro* 
biological Anaerobic CotrosiuD ChtmulrpanHIndiutri/ 99 412(1940) Actmtiea of the Sulfate-Reducing 
Bacteria with Particular Reference to Uoderground Xfetalhc Corrosion Proc Soc Arf Baclmologxstt 
pp 8-9 (1941) 

VI T D Beckwith and J R. Moser The Reduction of Sulfur-Containuig Compounda in Wood Pulp 
and Paper Manufacture J Baci 24 (No I) 43 (July 1932) 

w C L. Claik and tt J Nungester Corroeionof Waterpipes in a Steel Mill, Tram American Sorutj/ 
Jar VeUdi SI 301 (1943) 

“ Richard Pomeroy Corrosion of Iron by Sulfides IToIer XFmkt and Sneeroye 92 133 (1945) 
t* Edwin G Font VssociaCion of Sulfate Reduction in the Sod with Anaerobic Iron Corrosion ' 
•/ Aiulndian JnrL Agr Set S 174-171 (1939) 

** K. W H LeeQsng LaboTaton/ ExpertmenUvt A Regard to the Corronon of Cast Iran tn the SoC Bureau 
of Standards Corrosion Conference 1937 

P Ganser Pipe Line Ci^rosion Caused by Anaerobic Bacteria Pipeline Gai J 251 271 3 (1940) 
V* R. I Starkey and K Nf W ight CorrelationB between Oxidation Reduction Potentials and the 
Development of Sulfate-Reducing Bacteria paper presented to the meeting of the combined Vew Nork 
and New Jersey sections of the Society t/Amencan Baetenologiats Dec 29 1942 "Sod Areas Corrosne 
to Metallic Iron Through Actmty of An'ierobic Sulfate-Reducioe Bacteria Am Gai Astoc ifonthJp 
pp 223 223 (May 1943) and also contained in Report of DistribuUon Ckimmiltee Technical Section 
American Gas Association pp 19 29 1943 Detectim of Baetertal Artin/ir in SoiU National Bureau of 
Standards Corroeion Conference NIarch 1943 

!• K, M Wight Corroeion of Iron bjf Svlfate-Reduanp Bacteria and Detectum of Corronte Localurm tn 
So3 M Sc Thesis Rutgers Umiemty Vew Bninawick. M J May 1943 

V* E Berkalof and \ Cabasso Sur une eou-be de vibnon reducteur des sulfates isol4e de 1 eau d un 
pints artesien en Tunieie Arch Intt Patteur tTtiais) 29 262 284 (1940) P Menard and E. Berkalof 
Corrosion biologique dans les pints artesienaenT uiisie ArcA /net Pasteur (Tunti) 29 45»-462 (1940) 
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of the cells with cultures of the sulfate-reducing bacteria, an overall internal resist- 
ance decrease from the original value of 15 ohms to approximately 1 ohm, whereas 
the sterile cell actually showed an increase in resistance. 

Development of the sulfate-reducing bacteria in truly inoiganic media where 
bicarbonate is the only carbon source has been recently demonstrated,* thus indi- 
cating that sulfate-reducing bacteria are adaptive in regard to their ability to utilize 
gaseous hydrogen in an environment devoid of organic nutrients. 



Fig. 1. One Type of Corrosion Cell Used for Studies of Microbiological Anaerobic Corrosion. 

Electrode Behavior in Contact with Sulfate-Reducing Bacteria. The current and 
potential data^o reported herein were collected from experiments carried out in the 
corrosion cells illustrated in Fig. 1. Two electrodes were machined from the same 
piece of steel. Each electrode was identically cleaned and sterilized which resulted in 
the formation of a relatively thick layer of iron oxide over the entire surface. Later 
studies were made using zinc electrodes of similar size. 

The potential behavior of all-steel electrodes studied, before, during, and after 

• Private communication from R. L. Starkey and K. M. Wight. 

R. P. Hadley, The Influence of Sporovibrio desulfuricans on the Current and Potential Behaviour of 
Corroding Iron, NationapBureau of Standards Corrosion Conference, Marcli, 1943. 
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bacterial moculaliou and growth, was practically identical and can be represented by 
the ai erage cur% e shown in Fig 2 

The potenljal between A and B prior to inocolation appears to be determined by 
the concentration of hjdrogen ions in the culture solution (pH = 71) Hjdrogen 
depolarization occurs during the time intenal of actne bacterial growth between 
B and C Upon remoial of polaniing hjdrogen bj the bacteria, ferrous ions immedi- 
atelj go into eolntion, and the potential eS the steel electrode rapidly changes 005 
\oIt m the anodic direction The time lnte^^al during which this anodic change of 
potential occurs m the lactate culture solution is 3M hours or le»s 



Inoculation 


The third penod, occumng between C and D, maj be denoted ns the potential 
transition "tagc which alwajs follnws the anodic potential change B-C ol a steel 
electrode The actinti of the snlfate-reducing bactena during this period is probabb 
negligible, otherwise the potential of the steel electrode should hale remained at the 
relatiieb anodic mine reached at C This potential transition penod generally 
Deems during a time Inters al of approniuatelj tOOO hours 
The final phase of the steel electrode potential between D and £ appears to be 
the potential as determined bj the iron sulfide reaction the ronstancj of which indi- 
cates a reaction of unifonn rate It Js doubtful that the sultale-reducing bactena 
contribute to the corrosion of the oietal electrode dunng this final phase Howeyer, 
if under the conditions encountered in nature, the sullatc-reducmg bacteria ate 
capable ol growing m one location on n feiroos metal surface adjacent to an area 
in which earlier growth has resulted ra the establishment of this iron-sulfide potential, 
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a local corrosion cell potential difference of at least 150 mv may be established and 
maintained during the period of bacterial activity. 

When dissimilar iron-zinc couples are placed in sterile corrosion cells and later 
inoculated, the potential of the steel electrode behaves as shown in Fig. 3. This 
potential change of the steel electrode in the cathodic direction during bacterial 
activity is accompanied by another change not heretofore reported which may be 
fully as important as the reduction of the polarizing cathodic hydrogen by the sulfate- 
reducing bacteria. This characteristic is the reduction in film resistance of steel 
electrodes when exposed to an active microbiological anaerobic environment as 


UJ 



Fig. 3. Potential and Current of Zinc-Steel Electrodes in Inoculated Lactate Culture 

Solution. 

illustrated in Fig. 4. Although the local corrosion-cell resistances are in parallel so 
far as the external circuit is concerned, they are in series for the local corrosion cell 
circuit. It is therefore apparent that any pronounced reduction in either, or both, 
the anode and cathode resistances which are in parallel for the corrosion cell currents 
must likewise represent a similar reduction in the total series resistance of the local 
corrosion cell circuit. 

These results substantiate the observations of severe corrosion in the field,2i as 
such corrosion is frequently found in locations where electrical measurements at the 
soil surface indicate that a pipe line is not discharging current (positive) to the earth. 

R. F. Hadley, "Microbiological Anaerobic Corrosion of Steel Pipe Lines, ” Oil and Gas J., 38 (No. 19), 
92 (September, 1939). “Methods of Studying Microbiological Anaerobic Corrosion of Pipe Lines,” Part I, 
Petroleum Eng., XI (No. 6), 171 (March, 1940); Part 11, XI (No. 7), 112 (April, 1940). “Studies in Micro- 
biological Anaerobic Corrosion,” Proc. Am. Gas Assoc., Tech. Sect. 764-788 (1940). 
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It la now belle^ed that numerous interspaced anodes and cathodes simultaneously 
e-ast m a «mall area, the local corrooion cell resistances of which have decreased to 
a low value The electrical effects of the local corrosion cell currents do not extend 
more than a few inches from the pipe under the«e conditions 
Although the results of the«e experimental inve'tigations definitely indicate the 
removal or reduction of the cathodic polarixmg h>drogen by the sulfate reducing 
bacteria the mechanism by which this process is accomplished «till remains to be 
determined The conflicting reports in the literature^^ 2i regarding the bacterial 
utilization of hydrogen are such as to warrant additional research on the subject 



Fig 4 Film Kesi«tance of Steel Electrodes (Area 2 55 Sq Cm) in Sterile and Inoculated 
Lactate Culture Solution 


Bacterial Action throughout a Soil Area Not Necessarily Corrosive. C M 
Wichers^-* in di^cus-mg anaerobic corro ion mentions that when microbiological 
sulfate reduction occurs in the vicimtj of a pipe line serious corro-ioa results How- 
ev er, where the microbiological sulfate reduction process occurs throughout the entire 
soil envaronment, corro ion does not necessanl) occur An examination of the surface 
of ferrous metaL m the latter locations reveals not onlj lack of appreciable corro=ion, 
but al o, what la equallj important little ferrom, sulfide although activ e cultures of 
the 'ulfate-reducmg bacteria ma> be isolated from almost any part of the soil as 
well as from the soil in the immediate vicmitj of the metal The most active cultures 
of the sulfate-reducing bacteria ever j«olated from the soil by the writer were col- 


= Edwin G Pont Association of Sulfate Reduction in the SoU with Anaerobic Iron Corroson ” / 
AmtrolianJntt Ac^ Sci 5 170-171(1939) 

« R T Hadley'TJie Influence oj Sporonbrw dtsul/wneena on the Current and PoUnlvA BehaxWvr of Cot. 
to4ir,alron National Bureau of Staodaida Cwoeion Conference March 1943. 

M VVichers Bodenhorroaon euBeiseroer'VratiserieituiiEen.” Komowm u JfrlalUcIiula, 11, 81- 

85 (ApnJ 1936) 
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lected from such a location. The apparent explanation for the occasional absence of 
serious corrosion in areas where intense microbiological sulfate reduction occurs prior 
to the burial of the ferrous metal is that the metal superficially reacts with sulfide and 
becomes cathodic {D-E portion of Fig. 2) . 

Action of Sulfate-Reducing Bacteria in Pitting. In combination with the differ- 
ential aeration circuits set up by clod action, a more satisfactory explanation of the 
randomness of pitting of steel pipe lines, so long sought by many corrosion investiga- 
tors, is suggested by the microbiological anaerobic corrosion process, for even in the 
very aerobic soils, the sulfate-reducing micro-organisms are readily cultured from the 
ferrous corrosion products contained in the pits. Similar attempts to obtain cultures 
of the same micro-organisms from the large adjacent cathodic surfaces meet with 
little success. Local colonies of the sulfate-reducing bacteria may develop at small 
isolated points on the surface of the pipe where organic debris (Fig. 5) has been 
included in the backfill. Organic nutrients, upon the decomposition of this cellulose, 
are made available for the sulfate-reducing bacteria which, in turn, suppress the 
oxygen concentration at this contact. Microbiological cathodic depolarization under 



Fig. 5. Microbiological Anaerobic Corrosion Accompanying the Decomposition of Hemp 

Rope (Cellulose) in the Soil. 

such conditions is of little consequence, since the microbiological contribution to 
corrosion in any aerobic environment results more from the maintenance of anaerobic 
conditions and low film resistances in the anodic areas. 

It is a common occurrence in clay and boggy soils to find these isolated colonies 
of the sulfate-reducing bacteria growing in the pits and in the organic material con- 
tacting the external surface of the steel or cast iron pipe. Upon removal of the 
organic material, which is generally saturated with the ferrous corrosion products of 
the metal, severe pits are observed in the pipe under this organic debris. The sulfate- 
reducing bacteria with proper care can nearly always be cultured from these corrosion 
products. Coirosion of this nature is more the “deposit t 3 "pe,” and is typical of the 
microbiological anaerobic corrosion encountered in locations where the oxygen con- 
centration or other factors prevent the mass growth of the sulfate-reducing bacteria 
throughout the entire environment. 

Detection of Corrosion by Sulfate-Reducing Bacteria. The detection of micro- 
biological anaerobic corrosive areas is difficult since such areas are not readily located 
by the ordinary electrical measurements. Locations where such electrical measure- 
ments indicate that a metal structure is not discharging current to the surrounding 
environment and yet is severely corroded should be studied for evidence of micro- 
biological anaerobic corrosion. A chemical analysis of the corrosion products associated 
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•with corroded metaUic surfaces is particubrl) helpful Appreciable quantitia of 
ferrous =u!fide indicate microbiological anaerobic corro'ion particularly if eulhdes are 
not present m the 'oil or a\ailable from some other source 
Great caution mu t be u ed la handling transporting and storing the corrosion 
products formed under anaerobic conditions'’*' since the ferrous sulfide in the'e cor 
ro-ion products is u-uailj precipitated in an extremeh porous and finely dinded 
lorm The oxidation of this ferrous sulfide by atmo«phenc oxygen is 'o rapid that 
erroneous remits are obtained nnlfsa the sample is prepared for analy ~is under 
\ acuum or an mert ga. The transportation and storage of these anaerobic corrosion 
products are be-t accomplished under water collected from the «ame en\ironment m 
which they were formed 

Rapid qualitative determination for ferrous nilfide is made m the field by adding 
dilute hydrochloric acid to the corrosion products and observmg evolution of hydro- 
gen sulfide U e of microbiological techniques for cultunng the 'ulfate reducing 
micro-organinns from the soil or the corro-ion products is aLo of con-iderable value, 
however po-itive remits do not nece, aniy constitute conclusive evidence that 
microbiological anaerobic corrosion is taking place 

The measurement of oxidation reduction potentials in areas where microbiological 
anaerobic mlfate reduction u «u«peclc<l is aLo of assistance in evaluating the degree 
and extent of the process however the apparatus and techniques ued for these 
measurements are still m the dev elopmcnl stage The Redox potential method based 
on field meamrements and correlative studies of the seventy of the corronon actually 
ob'*erved dkplax^ coanderable premi e as an early solution to the problem whereby 
Eucb areas may be readily located in the field ^ 

Preventive Measures The mitigatioo of microbiolopcal anaerobic corronon has 
been satisfactorily accomplished by the use of carefully 'elected arphalt bituminous 
enamel and concrete coatmg^v the fir«t two coatings being supplemented bv cathodic 
protection 

The relocation oi pipe lines to avoid «otU known to be corrO'ively agm-essive due 
to microbiological anaerobic mlfate reduction is aLo occasionally possible 
Soil drainage of certain areas ha^ aLo been reported however care must be 
exCTCi ed to prevent corronon by oxidized product* of microbiological anaerobic 
coTOsion The oxidation of ferrou* mlSde to feme sulfate can produce an env^ron 
ment which is very corroiire 

L~e of a mixture of sand and bme^^ around pipe lines to mamtam an alkaline 
environment and to permit an lofiux of oxygen has aLo been suggested However in 
wate’-saturated soils where optizDUta enviroanjentsl condition, penmt the mass 

^Metnn Pomauo'' Efeei ef Amiun on CowmlroJion of on Ana^rdie Soil Na 

t onal Bureaii of Standards Ccttosiod CooferaK* March IM3 

** R. X.. starLey 8i>d K. XL Wight Correlahono httnen Oiviaiwn ReAvelunt Polrnttals and Itc Drrtlop- 
nml of Stdfait-PtdJOinf! Bariervt paper presented to the meet ng of the combined New X ork and Sew 
Jerser eectiona of the Sooety of Amenesa Bartenologisti Dec. **9 1912 ^oil Areas CorrOBVe to lletaJlre 
Iron Through Xctivify of \naerob e ^ulfate-Reduemg Bacteria Im Cos Assoc ilonOJj pp. 223-228 
(May 19431 and also contained m Peporf of Ihstribut on Committee Tecbmcal Section American Gas 
Asocial on pp 19-‘*9 19t3 Drttrtum of Baeleml Athntj *n SoOt National Bureau of Standards Corro- 
aon Conference March, 1913. 

K M Wight Cemwien of Iron hy Sulfatf-Prdyt^ag Battena and DrMvm of Corronre LoeaJvmt tn 
SoS XI S: The*i» Potgera tTniTeraty New Brunswtek, N J XIaj 1943 

**C M Wicher* TKt Corronon of P pe Ltnot Dvo la Barth Contarl D S. Department of Commerce 
National B_reau of Standards Conference on Cnder g rtwind Corronon 1937 

*’ Rtporl of Dolch CommMtt for tfe Sladj of Corronon of Pipe L\nu Groeingea, Holland, Feb. 18. 
IS*? 
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development of the sulfate-reducing bacteria, the effectiveness of mitigation measures 
of this kind is doubtful.^® 

Heavy clay or loam packed tightly around the pipe has likewise been recom- 
mended, 28 particularly if the clay is sufficiently impervious to limit the movement of 
water and at the same time is devoid of various organic nutrients required by the 
sulfate-reducing bacteria. 

Although some clays may be satisfactory for this purpose, sealing the pipe in an 
oxygen-deficient environment may result in the anodic solution of iron because of 
differential aeration cells, the cathodes of which are far removed to an electrically 
remote aerobic area. 

The application of cathodic protection has been successfully demonstrated, 
although the current densities required to achieve complete protection may be 
excessive, particularly if the areas to be protected are very extensive. In practice, a 
minimum protective current density of 15 X 10^8 to 50 X 10~8 ampere per sq cm 
has actually been measured in an active microbiological anaerobic corrosive 
environment. 

The use of sacrificial anodes for the cathodic protection of ferrous metal surfaces 
under environmental conditions favoring microbiological anaerobic corrosion is a 
subject still requiring investigation. Laboratory experiments in aqueous environments 
tend to substantiate the reported successful utilization of zinc; however, field meas- 
urements have been made from which contrary conclusions are drawn. Data from 
installations where zinc fails to provide adequate protection in areas of anaerobic 
bacterial activity appear to indicate that an insoluble anodic film forms accompanied 
by anodic polarization of the zinc. The use of zinc in locations where this polarizing 
anodic film does not form, or where the film can be removed either periodically or 
as it forms, may provide adequate protection. 

In aqueous systems the successful use of chlorine or chlorine plus ammonia for the 
mitigation of microbiological anaerobic corrosion has been reported.8i.32,33 xhe 
residual chlorine content of the water which must be maintained to inhibit the 
development and growth of the sulfate-reducing bacteria, however, is apparently 
subject to considerable variation since the values in the several successful installations 
reported in the literature have varied between 0.1 and 1.0 ppm. Organic materials 
and inorganic salts, together with the degree of microbiological infection, are all 
instrumental in determining the chlorine residual necessary. 

Certain organic corrosion inhibitors as well as a number of oxidizing agents have 
likewise been successfully employed in reducing or eliminating corrosion of this 
nature. The use of organic dyes has been studied by Eogers,8^ who reports success in 
mitigating microbiological anaerobic corrosion with acriflavine and proflavine dye 
concentrations of 1:750,000. ' 

Nitrate Reduction 

The possibility that the microbiological nitrate reduction process may contribute 
to corrosion has been mentioned by von Wolzogen Kuhr more as a possibility than 

J. Bunker, “The Control of Bacterial Sulfate Reduction by Regulation of Hydrogen-Ion Con- 
centration,” Proc, Soc, Agr. Bacteriologists^ 13, 8-10 (1942). 

H. F. Simons, “Combat Corrosion in West Texas/* Oil and Gas J., 41, 61 (February, 1943). 

^ L. H. Dial, “Design, Construction, and Operation of Salt Water Disposal System,’* The Petroleum 
Engr.., 15, 51-56 (August, 1944). ^ 

A. H. Thomas, “Role of Bacteria in the Corrosion of Iron and Steel,” Proc, Second Annual Water 
Conference, Pittsburgh, Pa. (November, 1941). 

“ T. H. Rogers, “The Inhibition of Sulfate-Reducing Bacteria by Dyestuffs,” J. Soc. Chem. Ind. 
(Trans.), 69, 34 (February, 1940), 
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aa an established fact The erall equation for the cathodic process is given as 

IINOa +8H — J-NIIs +3H2O 

The degree of reduction of the nitrate mil depend upon the phj^ioJogical charac- 
teristics of the organisms invohcd m the reduction process, for in some instances 
nitrite is produced whereas in others, gaseous nitrogen or ammonia is formed There 
are maaj argaai'ms which reduce nitrate to nitrite, but not nitrite to ammonia 

It IS doubtful that this corrosion process, even if it does occur, is of any great 
economic importance 

Methane Fermentatiov 

von Wolzogen Kuhr^s has suggested that the microbiological anaerobic methane 
fermentation maj be of sufficient importance in regard to corrosion to warrant addi- 
tional studj The carbomc acid reduction reaction is given as 

CO2 + SII — > CH4 + 2H2O 
and the overall reaction for the iron corrosion process as 

4 re + OH2O + CO2 — >- 4 Fc(OH )2 + CII4 

Studies^o of the factors which influence microbiological methane fermentation 
indicate that this process occurs between (he pH limits of 52 and 87, the reaction 
being most active between pH 60 and 80 It 1 $ of interest to note that these pH 
limits are approximatelj the «ame as tho'c reported by Starke> for the most favorable 
development of Sporotibno desvlfuncam 

The universal distribution of the methane fermentation m the water-logged eoila, 
bogs, river and lake bottoms, etc, has been established by numerous studies The 
micro-organi«ms respoo'ible for this fermentation, however, generally exist in 
os-ociation with the suIfate-rcducing bacteria, these two microbiological anaerobic 
processes co-e\i>tmg in nature to such an extent that they are often considered to 
some degree interdependent 

The occurrence of «ev ere corrosion m soils near manure heaps and in environments 
contaminated by offal and sewage is frequenllj'^ ob'erved It is significant, however, 
that the corrosion ob erved in the«e locations 13 alwajs associated with appreciable 
quantities of ferroas sulfide in the corrosion products Activ e cultures of the sulfate- 
reabciirg" hact'emr can ovimV' aAraysr ivr Ajstrt '"uiv' j\j\rj'A\3us' DW 

tion'hip which exists between methane fermentation micro organisms and corrosion 
requires additional inve'^tigation in an effort to ascertain the degree to which these 
micro-organisms influence cathodic depolarization of the metal 

AEROBIC MICROBIOLOGICAL CORROSION PROCESSES 
Oxidation of Sulfur bt iHioBAai-LUS tiiiooxidans 

The oxidation of sulfur or reduced inorganic sulfur compoimds, under aerobic 
conditions, is a biochemical process promoted bj specific micro-organisms of the 
genus Thiobactlliis, principally by Tkiobacdlu^ thioondans While most of these 
organiaras are strictly aerobic, one species, Tkiobactttus demtnficans, is actually 

C A H Ton WoUogen KOhr TU Vnttj of rt« AwKnbv: and AeroUc Iron Corrotion Proceit tn tk« 

SojI National Bureau of Standards Fourth CoTTomon Confwnce (confidential) 1937 

®*H A Barker, ' Studies on Alethane-Prodnejog Bacteria ' AreAi* J/iAroBioIoffie, 7, 420-138 (1936) 
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anaerobic and thus able to oxidize sulfur and sulfides in the absence of atmospheric 
oxygen. Thiobacillus Ihiooxidans has been extensively investigated by numerous 
microbiologists.®”^' 

The primary source of energy for the development and growth of Thiobacillus 
Ihiooxidans is the oxidation of elementary sulfur, and the principal end product is 
sulfuric acid. This bacterium develops best in an acid environment with a terminal pH 
between 0 and 1.0. Waksman and Starkey obtained growth of the bacterium in a 
medium which initially contained 5% sulfuric acid, and Starkey reported that the 
organisms produced as much as 10% sulfuric acid (the equivalent of 2 H 2 SO 4 ). 

Beckwith®® has reported the results of some quantitative laboratory experiments 
in which weighed iron wires were placed in separate flasks of culture medium. One 
of the flasks was then inoculated with a small amount of soil known to contain 
Thiobacillus Ihiooxidans. At the end of the incubation period the weight of the wire 
in the control flask was found to be practically unchanged ; however, the wire in the 
flask in which the micro-organisms developed lost 66% of its weight. 

To those engaged in the operation of the pipe lines in which sulfur compounds for 
sealing joints'*® have been used, the hazard is ever present that this microbiological 
sulfur oxidation process may occur and cause serious corrosion in the immediate 
vicinity of these joints. Likewise, in the construction of welded or screw joint pipe 
lines through soil areas which contain elemental sulfur or incompletely oxidized 
inorganic sulfur compounds, the potential danger of this same microbiological process 
must be considered. 

The remedial measures employed in the mitigation of microbiological corrosion of 
this nature have not been extensively publicized. In areas where the mass growth of 
the Thiobacillus Ihiooxidans takes place throughout the entire environment the use 
of asphalt or bituminous enamel pipe coatings supplemented by cathodic protection, 
as required, will unquestionably prove effective. The application of cathodic protec- 
tion to bare structures is possible, but probably economically unattractive because 
of its high operating cost. The use of concrete for the mitigation of this corrosion 
is not considered entirely satisfactory since numerous reports are to be found in the 
literature where Thiobacillus ihiooxidans has caused the rapid disintegration of 
concrete.^i 

Investigations have not as yet been reported in sufficient number to determine the 
prevalence and economic importance of corrosion of this nature. 

S. A. Waksman, "Micro-organisms Concerned in the Oxidation of Sulfur in the Soil. I. Introductory,” 
J. Bad., 7, 231-23S (1922). "Micro-organisms Concerned in the Oxidation of Sulfur in the Soil. III. Media 
Used for the Isolation of Sulfur Bacteria from the Soil,” Soil Sci., 13, 329-33B (1922). "Micro-organisms 
Concerned in the Oxidation of Sulfur in the Soil. IV. A Solid Medium tor the Isolation and Cultivation of 
Thiobacillus Ihiooxidans,” J. Bad., 7, 605-008 (1922). “Micro-organisms Concerned in the Oxidation of 
Sulfur in the Soil. V. Bacteria Oxidizing Sulfur under Acid and Alkaline Conditions,” J. Bad,, 7, 609-616 
(1922). 

R. L. Starkey, "Concerning the Physiology of Thiobacillus ihiooxidans, an Autotrophic Bacterium 
Oxidizing Sulfur under Acid Conditions,” J. Bad., 10 (No. 2), 135 (March, 1925). “Concerning the Carbon 
and Nitrogen Nutrition of Thiobacillus ihiooxidans, an Autrotrophic Bacterium Oxidizing Sulfur under 
Acid Conditions,” J. Bad,, 10 (No. 2), 165 (March, 1925). "Products of Oxidation of Thiosulfate by 
Bacteria in Mineral Media,” J. Gen. Physiol., 18 (No. 3), 325-349 (January, 1935). 

T. D. Beckwith, “The Bacterial Corrosion of Iron and Steel,” J. Am. Water Works Assoc., 33, 147 
(No. 1) (January, 1941). Corrosion of Iron by Biological Oxidation of Sulfur and Sulfides, National 
Bureau of Standards Corrosion Conference, March, 1943. 

to •p Beckwith and P. F. Bovard, "Bacterial Disintegration of Sulfur-Containing Sealing Compound 
in Pipe Joints,” Univ. Calif, (at Los Angeles) Pub. Biol. Sci., 1 (No. 7), 121-132 (February, 1937). 

** W. M. Barr and R. E. Buchanan, "The Production of Excessive Hydrogen Sulfide in Sewage Disposal 
Plants and Consequent Disintegration of the Concrete,” Ind. Eng. Chem., 4, 564-567 (August, 1912). 
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The SuLraR Bacteria 

The published references to corrosion specifically attributable to the sulfur bacteria 
are few m number Some in\ cstigators^^ have inferred that the sulfur bacteria upon 
death and decompo ition ma> be responsible for the occurrence of hydrogen sulfide 
in estuarine waters although their reference to tlua pos'ibility is more suggestive than 
the report of an ascertained fact It is now known that hjdrogen sulfide may be 
readilj produced m estuarine waters bj the action of the anaerobic halophilic (salt 
tolerant) sulfate reducing bacteria 

The extent to which the "o-called sulfur bacteria^^ 44 influence metallic corrosion in 
environments favorable for their growth is not certain at the present time The fact 
that the^e micro-organi«ms contain <ulfur however would suggest that they repre- 
«ent at least potentiallj a corrosive influence which requires consideration m any 
study of microbiological corrosion 

The Iron Bacteria 

The role of the iron bacteria m microbiological corrosion^-' ts still rather 
ob'cure despite the manj studies and investigations which have been reported m the 
hterature Although their physiological and morphological characteristics have been 
extensiv ely studied by microbiologists the exact part which the«e micro orgimsma 
play 10 the corrosion of ferrous metaU has not been generally agreed upon 
The most important contribution of the iron bacteria to corrosion probably rendts 
when their growth develops to such an extent (I it they create a barrier capable of 
maintaining oxvgen concentration gradients between (he metal and the solution the 
end re ult of such a process being tuberculation of the metal (See also discussion 
of tuberculation p 407 ) 

The iron gathered by the bacteria may be obtained from water flowing in the 

pipers 

It is particularly significant m the reported studies of tuberculation that evidence 
of microbiological anaerobic corrosion is ob.crved m the interior of the e tubercles 
Ellis^T referring to tuberculation «ays that each incrustation coneuts of a cone like 
structure which grows by the addition of concentric layers The central portion is 
black when fre«h and «oh Often it contains a little sulfide of iron, and it becomes 
red on exposure to the air 

It is unlikelv that the corrosion accompanying tuberculation will be severe unless 
anaerobic cond tions arc maintained on the inside of the tubercle Additional data are 
admittedly required to clarify the relation hip which exi«ts between the iron bac 
tena the «u!fate reducing bacteria and tuberculation 
Mitigation of the corro ion caused by the iron bacteria has been «ucce®«fully 
accomplished by the use of internal pipe coatings Cement lined pipe has al o been 
recommended as satisfactory for this purpose particularly if the surface of the cement 
IS treated to prev ent leaching of the more soluble constituents Chlorme mamtamed 

® U1 ck R Evans c Corroston Pa»nntv ortd P of^rtton Edward Arnold and Co London, 1937 

*^I> Ellis Sulfur Sactert^ I^ongmans Crren Md Oo New lorlr 1932 

**HJ Bunker A Re ^ew of fhePli>s ology and B oehem slry of the Sulfur Baetena His Vlajestvs 
Stat onery Office Chen stry Research Spmal Report 3 (WV) 

Cholodny Du Eitenhaklenen — Beilrage tu gintr Monofrmj>>‘ie Pflanzenforschune herausgegeben 
von Prof Dr R Kolkwit* Bert n-Dablero IfT’S 

DorB Du Eitenor^otsmen ■ — Sytfematil two SIorpMoete Pjacjenforschiing heraussegeben 
von Prof Dr R Kolkwit* Berl n-Dahlem 1934 

*’D E11« IronBaelena Fredenck A Stokes Co RewYorit 1919 

^*n.G ReddjcfcandS E Linderman Tuberoulat onof Ma ns as Affected by Bactena J Beu> Eng- 
land ^aler TForts Airoe 46 (So 2) 14G (June 1932) 
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as a residual of approximately 0.5 ppm, has likewise been successfully used^s.so for 
preventing growth of these micro-organisms. 

Miscellaneous Ohganisjis 

A numerous variety of organisms, including the slime-forming bacteria, fungi, algae, 
protozoa, diatoms, and bryozoa, contribute to the corrosion of metals by establishing 
a microbiological film capable of maintaining concentration gradients of the dissolved 
salts and gases of the electrolyte in contact with the metal. The maintenance of such 
a microbiological barrier results in the establishment of differential effects which 
contribute to the corrosion of the underlying metal. Frequently beneath these bar- 
riers the concentration of oxygen is reduced to a value which permits development 
of anaerobic sulfate-reducing micro-organisms. 

O’ConnelFi has published a comprehensive report of the corrosion and bio-fouling 
of metallic surfaces exposed to a variety of aqueous environments. Unfortunately, 
little attempt has been made, thus far, to study and evaluate the nature of the 
corrosion reactions observed in connection with the growth of these various organisms. 
The fact, however, may be significant that even in many aerobic waters sulfide films 
are frequently observed beneath the miscellaneous microbiological population which 
develops on such surfaces. 

The mitigation practices successfully employed to eliminate corrosion resulting 
from these miscellaneous organisms are numerous, depending to some extent upon the 
nature of the organisms involved and the degree of infection of the system. Coatings 
of paint, asphalt, bituminous and concrete, as well as cathodic protection are being 
successfully used. Chemical water treatment, chlorination, pH adjustment, bacteri- 
cidal and bacteriostatic agents, organic and inorganic corrosion inhibitors, etc., have 
also had considerable application in aqueous systems. The elimination of bio-fouling 
and corrosion on the water side of heat-exchange condensers of petroleum refineries 
and the steam generation stations of the electrical industry is receiving increased 
attention,®!- and numerous reports are to be found in which this bio-fouling and 
corrosion have been successfully mitigated by the use of the proper water trea!tment. 


FUNDAMENTAL BEHAVIOR OF GALVANIC COUPLES 

W. A. Wesley* and R. H. BaowNt 

DEFINITIONS 

When dissimilar metals in electrical contact with each other are exposed to anh 
electrolyte, a current flows from one to the other and is called a galvanic current. >i 
Galvanic corrosion is that part of the corrosion of the anodic member of such ajl 
couple directly related to the galvanic current by Faraday’s Law. ' 

Simultaneous additional corrosion taking place on the anode will be called local 
* Research Laboratory, The International Nickel Co., Inc., Bayonne, N. J. 

t Chemical Metallurgy Division, Aluminum ResearcK Laboratories, Aluminum Company of America 
New’ Kensington, Pa. 

A. H. Thomas, “Role of Bacteria in the Corrosion of Iron and Steel," Proc. (Second Annual Water Con~ 
ferencc, Pittsburgh, Pa. (November, 1941). 

K. W. Brown, “The Occurrence and Control of Iron Bacteria in Water Supplies,” J, American Water 
Worfcs Assoc., 26 (No. 11^, 1684 (November, 1934) 

W. J. O’Connell, Jr., “Characteristics of Microbiological Deposits in Water Circuits,” Proc. Am, Pc- 
troleum Tnst„ Eleventh Mid-year Meeting, 22, (III), 66-83 (May, 1941). 

A. E. GriflSn, “Anaerobic Corrosion,” Proc. Fourth Annual Water Conference, Pittsburgh, Pa. (1943). 
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corrosion, corrosion taking place when there js no contact with a dissimilar metal 
will be called normal corrosion T\hen galvanic corrosion takes place, the local 
corrosion of the anode may be equal to the normal corrosion, or it may be altered 
Such a change is often called the difference effect, and it ma> be either positii e, if the 
local corrosion increases when the galvanic current flows, or negative 
A galvanic current generally cau^ a reduction in the total rate of coriosion of 
the cathodic member of the couple* This is called galvanic or cathodic protection 
Under certain conditions the rate of corrosion of some metals as cathode may actually 
be increased m which case the term cathodic corrosion is applied 
The corrosion potential of a metal or alia} is the stead} state irreversible potential 
it assumes under fi\ed corrosive condition t The open circuit potential is the poten- 
tial which a metal attains when no current i5 flowing m the external circuit The 
polarized potential is the potential which a metal attains when current is flowing m 
the external circuit to or from the electrode 

FUNDAMESTM. COSSlDF,UATIO\S 
Potentials of ConnoDiNO Metals 

It IS important to recall the differences between stead} state potentials of corroding 
metals and the thermQd}Qam)call} reversible polentiaU of pure metals luted m tlie 
electromotiv e force «erica The potentials mea i>rcd id «tud} mg galv anic corrosion are 
not equilibrium potentials bccaa c the electrode reactions going on are continuous]} 
dissipating energ} Metal ions go into solution and h}drogcn u liberated or hvdrcrol 
ions formed This docs not mean that galvanic potentials are not reproducible The> 
usual!} are reproducible and can be held constant for long periods of tune b} control 
of the corro ive conditions but this cooslancj •' simpl> evidence that the electrode 
reactions are taking place at a constant rate 
In presenting corro ion potential data a:> much information os possible should be 
given coocerniQg the corroMve conditrons maioteioed Many of the data in the 
literature arc of limited u efulneaa owing to failure to include enough such informa- 
tion A general di cus ion of the potentials of corroding metals is available^ as is 
al«o consideration of the potentials of metals and allo}a m sea water^ 

Kirchhoff's Law 

The fundamental relationship involved m galvanic corrosion is desenbed bj 
J^jj-riihoS^ Secooti Law 
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Hence, 

Ec-Ea = IRe + IRn. (2) 

where Re = resistance of the electrol 3 'tic portion of the galvanic circuit, 

= resistance of the metallic portion, 

Ec = effective (polarized) potential of the cathodic member of the couple, 

Ea = effective (polarized) potential of the anodic member. 


Polarization 

In many cases Ea and Ec are functions of the galvanic current I ; hence the poten- 
tial difference accounting for the current through the electrolyte is not equal to the 
open circuit cell potential. 

In Eq. 2 the terms Ec and Ea can be written as functions of the open circuit poten- 
tials Ec and Ea' in the following way; 

Ea^Ec'-fc^ (3) 

Aa 

Ea^Ea'+fa4- ( 4 ) 

Aa 


where jc and fa = the polarizing functions of cathode and anode; respectively,* Ac 
and Aa ~ areas of cathode and anode, respectively, and I = total current of the cell. 

Erom Eqs. 3 and 4 it can be seen that polarization, defined as the change of poten- 
tial of an electrode resulting from current flow, alters the potential of the anode in the 
cathodic direction and the potential of the cathode in the anodic direction. 

Equations 3 and 4 can be considered graphically. Assume that an electrode in some 
electrolyte has an open circuit potential E'. If current (positive electricitj') leaves the 
electrode and enters the electrolyte, the electrode is functioning as anode. Generally 
speaking, the electrode will polarize anodically, and its potential will be altered in 


the cathodic direction (curves la, 2a, or 4a, Fig. 1) unless — is zero (that is, 

Aa 

the electrode does not anodically polarize). In the latter event, the potential will 
not change with increased current flow and is represented in Fig. 1 by the horizontal 
line AC. It is very important to note that if the electrode does polarize anodically, 
the area of the electrode as well as the amount of current flowing influences the 
amount of the polarization. 

If current leaves the electrolyte and enters the electrode, the electrode is function- 
ing as a cathode. Generally speaking, the electrode will polarize cathodically, and its 
potential will be altered in the anodic direction (curves Ic, 2c, or 4c, Fig. 1) unless 




_Z 

Ac 


is zero. In the latter instance, the potential again will not change with 


increased current and the potential curve will be the horizontal line AC. 


Graphic Estimation of Galvanic Currents 
The maximum galvanic current which can flow in a given couple, known as the 
limiting galvanic current, is that at the intersection of the polarization curves of the 

* In some cases the polarization is linear with current. The terms fc — and fa — can then be simpli- 
II 

fied to kc — and ka — , respectively 
Ac Aa 
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Flo 1 ChiDge of PotenttaJ of Anodes or Cathodes with Flow of Current. 



Fxg 2 Graphic Estimation of Galraiuc Current. 
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anode and cathode. The reason for this is evident from Fig. 2. When R is infinite 
no current flows, and Ec — Ea is the open circuit value of the cell potential. As R 
is made smaller, I increases and Ec — Ea grows smaller because of polarization. 
Finally 7 approaches its maximum value (the limiting current) as R approaches zero, 
and Ec — Ea simultaneously approaches zero. 

Suppose that the value oi R = Ra + Rm for a particular zinc and copper couple 
has been measured and the polarization curves for the electrodes are known. It is 
desired to calculate what the steady state galvanic current will be for the given value 
of R. This is done quite simply graphically by locating the value of I in Fig. 2, at 
which the Ec and Ea curves are exactly IR volts apart.3 This value of I must be 
less than the limiting current. 

Determination of Resistance R. If it is possible to break the circuit in a prac- 
tical galvanic couple, it becomes a simple matter to measure Rc, the resistance of the 
electrolytic portion of the galvanic circuit. This is done with sufficient precision by 
means of an inexpensive 60-cycle a-c bridge testing set with an a-c galvanometer. In 
lieu of this, an estimate can sometimes be made with a d-c bridge, in which case the 
resistance should be measured with the testing current applied in both directions 
and an average of the two readings taken. 

When it is inconvenient to measure directly the unpolai'ized resistance of a 
galvanic circuit, that quantity may often be roughly estimated by formulas based 
on the general theory of continuity of flow."* The resistance between two electrodes 
immersed in an electrolyte is related to the capacity of the condenser which would 
be formed if the electrolyte were replaced by air in the following way; 


r 1 

^ 9 X 105 


(6) 


where r is the specific resistivity of the electrolyte in ohm-cm and C is the capacity 
of the condenser in microfarads. Formulas for the capacities of many types of metal 
electrodes forming a condenser are available in handbooks of physics and of electrical 
engineering.® 

The internal resistance in a system of two electrodes placed in an infinite medium, 
such as the ocean, does not increase indefinitely as the electrodes are separated by 
increasing distance. On the contrary, the maximum resistance between them is prob- 
ably approached soon after they have been separated by a distance of a higher order 
than the dimensions of the electrodes. It appears that the total resistance may be 
regarded as the sum of two electrode surface resistances, one at the crossing of the 
current from the first electrode to the medium, the other at the return of the current 
from the medium to the second electrode. A useful formula for reference is that the 
resistance in absence of polarization at the junction of a disk electrode of radius 
b cm in a solution of specific resistance r is r/8b. The resistance of one face of such 
a disk is r/4b. Formulas can be worked out for other simple electrode shapes.'* 


Relationship of Galvanic Cuhrent to Galvanic Corrosion 

The source of the energy manifested as galvanic current is primarily the dissolution 
of the anodic metal. For every coulomb of galvanic current which flows, a definite 

5 U. R. Evans, Metallic Corrosion, Passivity and Protection, p. 533, Edward Arnold and Co., London, 1937. 
■' J. H. Jeans, The Mathematical Theory of Electricity and Magnetism, pp. 350-363, Cambridge University 
Press, Cambridge, 1925. 

5 C. D. Hodgman, Handbook of Chemistry and Physics, 6th Ed., p. 1866, Chemical Rubber Publishing Co 
Cleveland, 1936. 
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weight of metal must dissohc The relation between the gahanic coircMon of the 
aoode and the gahamc current is Faradas s Law 


If 


n/ 

Fn 


I 


(6\ 


where TF is the weight of metal dis«ohed to produce the gahamc current (grains) 
t 13 the time of flow of current ( econda) F the Faradaj constant (96^01 coulombs) 
M the atomic «cjght of the anode metal n the charge of the metal ion? formed and 
I the gahamc current in amperes 

The lo«s m « eight of the anode will iisuall) be greater than IJ because some local 
action corro'ion accompanies the gahamc corrosion The total weight Io^s of the 
anode will be equivalent to the ««m of the gahamc current and the local action 
currents on the anode 

Tabic 3 on p 1133 of tht Gcnri il Tables lists the clectrocheimcjl equivalents for 
common metals ba®ed upon Faradaj b Law 


T\1ES OF CONTROL 

Becau«e it is possible for the degree of polarization to \arj with the metal and 
solution It 13 helpful to clas ifj couples by the ijiie of polarization produced on eacli 

^ Ec 

4 
Z 
O 

“■ E. 

CURRENT 

(A) (B) to (0) 

CATHODIC CONTROL ANODIC CONTROL MIXED CONTROL RESISTANCE CONTROi 
Flo 3 Types of Controlling Factors in Gahamc CorroMon 



electrode If the anode does not polarize and the cathode does then m «olution_ of 
low Tc I'tiiih the current flon will be controlled entirelj bj the cathodic electrode 
I! the ares ef the sae<de ts either dmibJed er refiaee^ i?} cue hail f.l\? gai ? amc weight 
lo«s of the anode will remain unchanged although the inten«it\ of attack will increase 
with decreasing area Howev er if the cathode arei is reduced bj half, the total 
gah amc coira ion of the anode will be reduced bj half or if the area of the cathode 
is doubled the gahamc coiTO''ion of the anode tiill be doubled The polarization 
curves for such a =v«tem are shown jn Fig Sd and the system is said to be under 
cathodic control 

If the anode polarizes and the cathode does not as m Fig 3B the status is rev er«ed 
and the sj tem is eaid to be under anodic control 

If both the anode and cathode polarize then in solutions of low re'^istnitj the 
current flow will be controlled by the polarization of both electrodes Hence the 
areas of both electrodes will affect the gahamc corrosion of the anode The polariza 
tion curves for such a system are represented b> Fig 3C and the sv«tem is ^aid to 
be under mixed control 

The above discussion has been confined to these «!y=tems in which the IR drops 
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can oe neglected. If neither electrode polarizes, the current flowing and attendant 
corrosion will be controlled by the resistance of the liquid^and metallic path' {resist- 
ance control). Since the metallic path usually has a resistance small compared with 
that of the liquid path, the resistance of the latter will usually be the factor con- 
trolling corrosion of the anode. Figure 3D shows the current-potential diagram for 
complete resistance control. 

In general, polarization as well as resistance .will control the amount of galvanic 
current flowing. 

Diffusion Contbol 

The fundamental factor which is probably of greater importance than any other 
in determining corrosion rates is diffusion. Because the rate of diffusion of a sub- 
stance which causes either polarization or depolarization can control the shape of the 
polarization curves, some couples can be said to be corroding under diffusion control. 

For e.xample, consider a metal such as iron totallj' immersed in a’stagnant neutral 
salt solution in a container so that the surface of the liquid in contact with the air is 
relatively small. The corrosion of iron in such solutions free of dissolved oxygen is 
practically nil, whereas if dissolved oxygen is present, the amount of iron corroded 
is practically equivalent to the amount of oxygen consumed. If the area of the iron is 
sufliciently large, the rate of corrosion is controlled by the rate at which oxygen 
diffuses through the liquid-air interface. As long as these conditions exist, the total 
corrosion loss will not be increased even if the size of the specimen is increased. 
Totally immersing and connecting a cathodic metal such as copper to the iron will 
not increase the rate of oxygen diffusion through the liquid-air interface; hence the 
corrosion of iron will not increase over that occurring on the uncoupled iron. If 
service conditions are not under diffusion control, it is essential that any studies of 
galvanic corrosion are made under conditions where diffusion is not the controlling 
factor. 

Effect of Relative Areas 

The effect of increasing cathode area on the galvanic current flowing from anodes 
of the same area for three types of polarization control (neglecting resistance) is 
shown in Fig. 4. Curve 1 is for ideal cathodic control, and the galvanic current is 
proportional to the cathodic area. Curve 2 is the ideal mixed control.* Although the 
galvanic current increases with increased area, the increase is less than proportional 
to the cathode area. Curve 3 shows how the galvanic current is influenced by increas- 
ing cathode area for a couple corroding under conditions close to ideal anodic 
control. 

The effect of increasing the anodic area on the galvanic current per unit area of 
anode (galvanic current density on the anode) for the three types of polarization 
control is shown in Fig. 5. This is drawn on the basis that the areas and the slopes 
of polarization curves for the cathodes are the same regardless of the type of control. 
It will be observed that for ideal cathodic control, decreasing area of the anode 
greatly increases the galvabic current density on the anode (curve 1). If the couple 
is under ideal mixed control, decreasing the anode area does not greatly increase the 
galvanic current density on the anode (curvm 2). The more closely the conditions 
approach those of ideal anodic control, the less the galvanic current density on the 

* Ideal mixed control is where the polarization of the anode ia equal to the polarization of the cathode 
for equal areas of both electrodes. 
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Fzq 4 E&ect ol Increaswg Cathode Area on Cal\an]c Current per Umt Anode Area. 



ANODE GALVANIC CURRENT DENSITY 

Pia. 5._ Effect of laca-cagiag Anode Area on Galvanic Current per Unit Anode Area 
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anode is increased by decreasing the anodic area (curve 3). The situations are sum- 
marized in Table 1. 


TaSle 1. EFFECT OP POLARIZATION AND RESISTANCE ON THE GALVANIC 

CORROSION OF COUPLES 




Effect of Increasing 
Anode Area* | 

Effect of Increasing 
Cathode Areaf 


Type of 
Control 

Polarized 

Electrode 

Total 
Weight 
Loss 
of Anode 

Intensity 
of Anodic 
Corrosion 

Total 

Weight 

Loss 

of Anode 

1 Intensity 
of Anodic 
Corrosion 

Example 

Cathodic 1 

Cathode 

No effect 

Decreased 

Increased 

Increased 

Zn-Fe and Zn-Cu in neutral 
chloride solutions 

02-Starvation 

Cathode 

No effect 1 

Decreased 

No effect 

No effect 

Total immersion of Fe-Cu in so- 
lutions of restricted liquid-air 
interface 

Mixed 

Both 

Increased 

Decreased 

Increased i 

Increased i 

Fe-Cu in neutral salt solutions 

Anodic ' 

Anode 

Increased 

No effect 

No effect 

No effect 1 

Al-Cu in neutral chromate solu- 
tions 

Resistance 

Neither appre- 

[Depends upon effect of area of electrode on 

Most metal combinations in 


ciably 

ohmic resistance. Decrease in 
will increase total weight loss. 

resistance 

distilled water. 


• Cathode area constant, t Anode area constant. 


INFLUENCE OF CORROSION VARIABLES 

The influence upon galvanic currents of each of the many variables which aSect 
corrosion is predictable from its influence upon anodic and cathodic polarization 
curves or upon the resistivity of the electrolyte. Thus a change in any factor which 
increases anodic polarization tends to cause a decrease in the galvanic current. The ^ 
formation of insoluble films upon anodic areas is an example of this. Changes which 
decrease cathodic polarization, like increase in degree of aeration, in velocity of 
motion, or in temperature, tend to increase galvanic corrosion when the process is 
under cathodic or mixed control, just as they do in normal corrosion. 

/ 

Effect of Nature of Cathode Material 

With Oxygen Depolarization Control. Whitman and RusselE exposed steel 
plates partly coated with copper to corrosion by water and found that, regardless 
of the fraction of surface coated, the total corrosion remained the same as that of 
the bare steel. They suggested that the velocity of attack was controlled by the 
amount of oxygen reaching the metal surface. The cathodic reaction took place over 
all the metal area, and the anodic reaction was confined to the portion of steel not 
covered. Evans coined the term Catchment Area Principle for this case, since the 
copper acted as a catchment area for oxygen. He has discussed this with other cathode 
area data'^ and pointed out that the principle should be applicable when the oxygen 
supply is sufficiently restricted that diffusion of oxygen is the sole controlling process. 
Under such conditions cathode polarization curves for different metals lie close 
together, and the corrosion of the anode is accelerated equally by contact with more 
noble metals irrespective of their degree of nobility.'^ 

^W. G. Whitman and R. P. Russell, Ind. Eng. Chem., 16, 276-279 (1924). 

’’ U. R. Evans, Metallic Corrosion. Passivity and Protection, pp. 513-516, EdwardArnold and Co., London, 
1937. 
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With a liberal Bupplj of oxjgCD the cathode polinzation curves of the common 
metals and allojs dnergo considcrablj Although equal gahanic currents are not to 
be expected -when different cathode materials are coupled ^Tlth the same anode 
material under such conditions the several currents are hkelj to be at least of the 
same order of magnitude a» shown in Table 2 

Table 2 GALVANIC CURRE'4TS CVUSl'D BY COXTACT OF ALUMINUM 
ALLOl 52S-0‘ It ITU \ ARIOUS DISSIMILAR METALSt 

Electrolyte 6^ NaCi soluttoo 
Anode size IS e<) cm 
Cathode a ze Jo sii cm 
AgMstion Solution erirrei) 

Aeration Air bubble 1 through solution. 

Temperature Room 

Cathode Couple Galeanu: Current ma 
Copper 9 0 

Alui iinum bronze 8 2a 

Lo»-earbon steel 6 3 

Sts nlesa steel (18 8) 4 3a 


•A1 2 5®*«Mb 0 25%Cr 

tR B Mears and R H Brov.D Ind Eng Chem 33 1(X>9 (1941) 

In Corrosion with Hydrogen Evolution The nature of the cathode material 
8peciffcall> Us hydrogen otenoltagc ph>s an all important role m gahanic corro 
Sion when the cathode process is hvdrogcn etolutioo The cathode polarization curie 
represents a logarithmic relationship between the potential and the current density so 

Table 3 GALIANIC CORROSION OF MAGNESIUM* 

Electrolyte 3% NaCt solution. 

Duration of test 3 hours. 


Anodes 

Technically pure maeoeaium (003s« 

K\ 004 

%Fe 

and 0 03% 

SO 



Anode And cathode areas were e<iua] 

Atg Alone He Zn 

Mo 

Pb 

Cu 

Ni 

Te 

A1 

Pt 

Hi evolved on the 
cathode (ml) 


0 5 

C 

13 

22 

27 5 

45 

53 

12C 

142 

IIj evohed on the 
Amjtftf v'ttrf/' 

IS G 

M 

is 

SS 

St 

43 

St 5 

.17 

SS 

m 

Galv aiuc current 
(ma) 


0 J 

4 5 


13 

19 

30 

33 

12 

67 


40 

•W Kroenigaod G Kostyler Z Vrtoniwdr 29 J44 145 (1933) 

that gahanic currents measured with a giten anodic material >ary tremendou*!} 
with different cathodes Thus in Table 3 the gahanic currents observed when mag 
nesium anodes were coupled with various other metals bore no relationship to the 
corrosion potentials of tho®e metals nor to their positions m the standard EMF Senes, 
but was governed entirelj by the relative hydrogen overvoltages of the cathodes, 
the metals of lowest overvoltage permitting the greatest galvanic currents 

Corrosion of Cathode The corrosion of most alloys and metals is usually less 
when functioning as a cathode of a couple than the normal rate of corrosion The 
quantitative aspects of this behavior are dealt with in the chapters on cathodic 
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protection, pp. 923 and 935. It is true also that, as a result of current flow to the 
cathode, reaction products are released which can cause corrosion of certain cathodes 
to be greater than if the material were corroding under normal conditions. Since the 
solution around the cathode becomes more basic, amphoteric metals such as alumi- 
num, zinc, and lead may corrode rapidly as a cathode if the current density is too 
high.* 

DISTRIBUTION OF CORROSION 

The theory of distribution of current over the surface of electrodes is prohibitively 
complex for any but the simplest symmetrical shapes.® In practical galvanic corrosion 
problems, interest usually lies in the distribution of the current as related to the 


CORRODED ZONE 



Fig. 6. Highly Localized Galvanic Corrosion of Aluminum or Steel. 

distance from the line of contact or the junction of two coplanar surfaces. The factors 
are obvious enough. If the anode polarization curve is very steep and the conductivity 
of the electrolyte is good, the galvanic corrosion should be well spread out over the 
anode surface and vary little with distance from the junction. At the other extreme, 
corrosion will be highly localized along the boundaiy, as indicated in Fig. 6, if the 
solution is of low conductivit 5 ' and the anode polarization is feeble. Other com- 
binations of these factors yield intermediate types of distribution. 

Figure 7 shows the results of a careful study of the distribution of galvanic currents 
about a junction between nickel and steel surfaces exposed to tapwater.® In this cell 
the electrolyte was of low conductivity and the anode was one showing but little 
polarization. The observed galvanic corrosion of the steel adjacent to its line of 
contact with nickel was about 3.5 times greater than the ai’erage galvanic corrosion 

* The alkaline produota of electrolysis at the cathode decrease the normal corrosion rate of iron. 

® C. Kasper. Trans. Electrochem. Soc., 77, 353, 365 (1940); 78, 131, 147 (1940); 82, 153 (1942). 

®H. R. Copson, Trans. Elcclrochcm. Soc., 84, 71-Sl (1943). 
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rate On the other hand expo «rc of n steel plate m contact with a copper plate in 
natural sea water (good conductnitj) showed no appreciable concentration of gal 
^anlc corrosion at or near the junction*® A complicating factor was the deposition of 
a calcareous adherent «caJe on the cathode surface which probably tended to spread 
out the cathode current and reduce concentration of the anode current near the 
junction 



distance from contact in inches 


Oahanic Current Distribution of Steel Nickel Couple m Tap '^Vater 
^ ORIGINAL SURFACE 



AFTER CORROSION 
IN TAPWATER 


ORIGINAL SURFACE 

AFTER CORROSION 
IN SEAWATER 


Fig 8 Helati\e Distribution of Galvanic Corrosion in Electrolytes of High and Low Con 
ductivities (Schematic) 

It IS fortunate that the total galvanic current is usuallj less m a poorlj conducting 
solution than in a highl> conducting one This makes the localized corro'ion of the 
former case lesa dangerous than would appear at first sight The relativ e contours of 
the iron surfaces m the two examples are shown schematicallj m Fig 8 The dis- 
tnbutjoa resuhjng from a combmaljon of ^od electrolyte ronductivity with very 
low anode polarization is illustrated in expenmeots on aluminum alloys m sodium 
chloride solution ** 

10 F !>. LaQue Unpublished data 194X 

n R. H Brown Am Sou Ttil\ng MatmaU Bva 21 26 (January 1940) 





FUNDAMENTAL BEHAVIOR OF GALVANIC COUPLES 


493 


USEFUL LIMITING RULES 


At times it is necessary to make an estimate of possible galvanic corrosion when 
it is difScult to measure galvanic effects under the particular corrosive conditions 
to be faced, or with electrodes even approximating in size or shape those in the 
practical application. The following relationships can then be of some assistance. 


1. The difference effect can often be neglected. Then the total rate of corrosion 
of the anode will be approximately equal to its normal rate of corrosion plus 
the rate equivalent to the galvanic current.i2 

cA = cN + cG (7) 

where cA is the total corrosion of the anode, cN the normal rate, and cG the 
galvanic corrosion. 

2. The galvanic current is proportional to the cathode area 

7 = Me (8) 


where k is a constant and Ac is the cathode area. This principle applies when 
both anode polarization and resistance drop can be neglected, that is, when the 
cell is under cathodic control.^s 

3. If the conditions described under 2 are obtained, the average galvanic current 
density on the anode will be given by 



( 9 ) 


where u is the average current density and Aa is the total area of the anode 
member of the couple. 

4. An absolute upper limit of the galvanic current can be set, if the open circuit 
(unpolarized) potential and the resistance of the electrical circuit of the couple 
are known, by the following equation: 


1 = 



( 10 ) 


From the previous discussion Ea' — Ea is the maximum potential difference that 
the couple can attain, and which will normally be diminished by polarization. 


There are two precautions to be observed in using this principle. First, with 
metals and alloys which can shift from passive to active condition and vice versa, 
there is uncertainty as to what value of Ec or Ea should be used. Second, even 
though the estimated maximum value of 7 may represent a safe anode current 
density, the possibility of cathodic corrosion must also be considered before it 
is concluded that the selected pair of metals can be safely employed. 


COMPLEX CELLS* 

Another type of differential metal corrosion may also occur in some cases. This 
results from complex cell action,!"* the nature of which can be best understood by 

• This subject is discussed by R. B. Meats, Aluminum Company of America, New Kensington, Pa. 

!! W A. Wesley, Tram. Electrochem. Soc., 73, 539-549 (1938) 

W. A. Wesley, Proc. Am. Soc Testing Materials, 40, 690-702 (1940). 

“ See also R. B. Hears and R. H. Brown, Ind. Eng. Chem , 33, 1010 (1941); R. B. Hears and J. R 
Akers, Proc. Am. Soc. Brewing Chemists, p. 9 (1942). 
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the aid of a few ‘simple diagrams CompansoOa bctnccn complex cells and simple 
cells are illu trated m Fig 9 A practical case of corrosion resulting from complex 
cell action has been described bj Zurbnigg ^ Three aluminum fermenting tanks which 
were in metallic contact with each other ■were equipped with copper attemperator 
coils (Fig 10) The«e coils were m^^ulated from the tanks This combination was 



SIMPLE CONCEttTftATlON CELL 
TYPEl 




I IPX teCil 


SIMPLE CAIVANC CELL 
TrPE n 



COMPLEX CONCEIffRATlOK CCa COMPLEX CAIVANIC CELL 
TYPE III type IV 

Fig 9 Tii>es of Corrosion Cell* 


COPPER attemperator COILS 



operated successfuUj for «ome time However e^entualIJ one of the copper coils 
was replaced by an aluminum coil After this replacement attack of the aluminum 
coil and of the two fermenters containing the copper coils occurred This i‘' an example 
of complex gahanic cell action 

As can be •'een corro ion resulting from complex cell action maj be rather difficult 
to recognize It is therefore fortunate that it jS generally not so severe as corrosion 
resulting from direct gahanic action 

Zurbnigg Schutuer ATchtt angev JTim « 7>cAriL ® 40(1910) 
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ALLEVIATION OP GALVANIC CORROSION 

Designers of structures and equipment may be required because of both certain 
physical and certain chemical characteristics to employ coupled dissimilar metals. 
Unless proper precautions are taken, severe galvanic corrosion of one or more of the 
parts may occur. The galvanic current can be reduced by decreasing the open circuit 
potentials, increasing the polarization characteristics of one or both members of 
the couple, and increasing the resistance of either the metallic or electrolytic portions 
of the circuit or both. Because the relative areas of. the anode and cathode members 
of the couple will also determine the intensity of attack, it is important that these 
be controlled within the limits that a given design will permit. Below are listed some 
of the precautions which may be employed to minimize galvanic corrosion. 


.^^FFECT OF EeLATIVB ArEAS 

It is good practice to avoid combinations where the areas of a more anodic alloy 
are relatively small as compared with the area of the more cathodic alloy. Unless this 
is done, corrosion on the anode will be very intense. It has been found good engineer- 
ing procedure to use alloys which are cathodic to the main structure for fastenings 
of relatively small area such as rivets. 

L-In^lation 


Wherever it is practical it is desirable to insulate the members of a couple elec- 
trically. In many cases it will not be found practical to employ insulation, but this 
method of minimizing galvanic corrosion should not be disregarded without adequate 
consideration.* 


[/Painting 

Paint coatings serve to increase the resistance of the metal-liquid interface and, 
therefore, will reduce galvanic current. However, the more anodic member of the 
couple should not, in general, be painted unless the more cathodic member of the 
couple is also painted; otherwise, the galvanic current will be concentrated at break- 
downs in the coatings on the anode, with highly intensified corrosion as a result. 
Generally, the coatings on cathodic members should be resistant to alkalies unless 
the couples are exposed in acid media. The coatings on both the anodes and cathodes 
should be kept in good repair. 

[^Avoidance of Depolarizing Conditions 

In some cases it may be possible to prevent or limit the amount of aeration reach- 
ing the cathode surfaces. On most metals this will tend to increase the cathodic 
polarization and hence reduce galvanic current. 

''.^'Inhibitors 

The galvanic current can be reduced in many cases by the addition of inhibitors. 
Dangerous inhibitors, if not employed at sufficiently high concentrations, will cause 
localization of corrosion on the anode member of the couple, and intensity of the 
attack may be greater than if no inhibitor were employed. (See Inhibitors and 
Passivators, p. 907.) Therefore periodic checks must be made to assure that the 
inhibitor concentration is above the required minimum level. Inhibitors which 

• Insulating washers have been used between magnesium and dissimilar metal bolts to increase the 
electrolytic resistance and thereby decrease galvanic corrosion. See p. 231. Editor. 
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cau'ed much trouble from red water and obstructions m water sj steins Bacterial 
action can be eradicated by water treatment such as chlorination 

^\ater treatment with an alkali or sodium «ilieate (dbcussed on p 502) tends to 
retard both corro ion and tuberculation 

TREATMENT OF \\ATERS TO REDUCE CORROSION 
Classihcation of ^ATunA^ Waters 

At present no general sj«tem of clasaiSeation of natural waters has been de\ised 
A S T M Committee D-19 has given preliminary con«ideratjon to the problem 
and in the «jmpo=ium on thLS subject m June 1944 D Collins gave the com 
po ition of 'everal typical waters used for industna! purposes Thev may be divided 
roughly into soft medium hard and salty Of natural waters soft waters are 
inherently the moat corrosive 

Hot ^TER Hevtino Systems 

Here the water is usually obtained from domestic supplie and is either soft or of 
medium hard quality The«e systems arc closed except for a “mall air vent so that 
the free oxygen iv «oon exhausted and further corrosion is therefore negligible The 
water m such systems should not be removed when the system i» not m u«e and the 
system should be maintamed free from leaks «o that make-up ls reduced to a 
minimum Lnder these condition, hot water Icaiing v tern, con trnctrd of ungal 
vamzed iron or steel pipe have «bown no «eriou» deterioration from corrosion after 
<0 years of service A small amount of corro ion with the evolution of hydrogen does 
occur however m water which ha.5 been deactivated m this way This gas may be 
drawn off through pet cocks provided near the lops of radiators By adding sufTieient 
cau tic soda to bring the pH of the water up to about 8 5 the generation of by drogen 
can be prev ented and the gas nuisance eliminated 

Fire Protection 

Sprinkler sy stems of the wet type are kept filled with water under pressure at room 
temperature Under the«e conditions as in the hot water heating system, corro«ion 
IS not a serious matter Such systems may be constructed of black steel pipe and 
malleable iron fittings In the absence of oxygen the galvanic effect between non 
ferrous sprinkler heads and steel pipe is reduced to a minimum and has not been 
found to be 'o serious as to require water treatment 

In dry sprinlder systems corrosion is also oegligililc as the pipes are hept iifleS 
with air under pressure 

Brine Refrigerating Systems 

Calcium and sodium chloride bnnes are commonly u ed m refrigerating systems at 
a concentration of about 20% When oxygen is present these bnnes are decidedly 
corra iv e especially where diA-imilar metals are in contact Damage may be consider 
ably reduced on black and galv anized surfaces in refrigerating bnnes by treating with 
cau'tic «oda to a pH of 8.5 

Better protection may be obtained by treating the brine with sodium bichromate 
(NasCr'iO; 2 H 2 O) and adding sufficient caustic soda to adjust the alkalinity to pH 
8 to 8S or by using sodium chromate (Na 2 Cr 04 IOH 2 O) hen zinc and other metals 
are m contact with iron the general retommcndatioos of the A S R E Committee 
prescribe 100 lb (1600 ppm) sodium bichromate per 1000 cu ft for calcium brines and 
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200 lb (3200 ppm) for sodium briiies,3,4 preferably with the necessary amount of 
caustic soda to form the normal chromate. About 27 lb per 100 lb of bichromate are 
required. This treatment has been in use for a number of years in ice plants and has 
proved satisfactory in maintaining the galvanized ice cans and steel work in the 
brine system in good condition. The dezincification of brass in brines contaminated 
with ammonia is reported to be prevented by this treatment. Chromates in proper 
amount also reduce galvanic contact effects materially. Sodium chromate with a 
small amount of sodium metasilicate has been found effective in aluminum and 
aluminum-iron systems .5 

Cooling Water 

Cooling water that is recirculated in contact with the atmosphere, as in spray 
ponds, can generally be inhibited to prevent serious corrosion of steel by the addition 
of about 300 ppm of sodium chromate. Aeration does not impair the efficiency of 
chromates. The optimum amount required depends on the composition of the water 
and may be determined approximately by laboratory tests. The manufacturers who 
specialize in the production of chromate for such service are usually able to give 
useful information as to the amount required.® 

The tendency to pit when insufficient chromate is used may be considerably reduced 
by occasional removal of rust tubercles, and by cleaning or rubbing the metal where 
this is possible. 5y--old systems not previously inhibited it is desirable to start with 
about 500 ppm. The 'concentration may be roughly estimated by comparing the yellow 
color of the treated water with that of solutions of known strength in test tubes. The 
pH should be kept about 8.5, which gives a famt pink color with phenolphthalein. 
In starting treatment., tests should be made once a week. 

Water-soluble org 'i!c inhibitors (such as the glucosates or some tannin compounds) 
may also be used as inhibitors in cooling systems although they are not so effective 
as sodium chromate. They are usually somewhat more expensive than the chromates, 
but have no toxic effect in the concentrations employed. Advice on concentrations 
required for specific conditions may be obtained from manufacturers.® 

Automobile Radiators. Corrosion may be inhibited in the bimetallic systems of 
radiators (using fresh water) by the addition of about 2 oz of sodium chromate to the 
radiator. Calcium chloride anti-free mixtures, even when treated with inhibitors, are 
not advisable, for, should the concentrations of inhibitor be reduced below a certain 
minimum, corrosion proceeds rapidly. Organic anti-freeze mixtures are very much 
safer because they may be used with less danger of corrosion. Organic inhibitors are 
now available for use with organic anti-freeze compounds. Where anti-freeze mixtures 
are used more than one season, more inhibitor is usually required to prevent corrosion, 
and the pH should be on the alkaline side. 

Diesel and Gas Engines. The recirculating cooling systems of gas engines may also 
be protected by chromates. When the volume of water is small it is better to use a 
higher concentration (1500 to 2000 ppm). When scale from hard water is encountered, 
a combination of the polyphosphates with suitable organic corrosion inhibitors or 
chromate may be used. 

Power Rectifiers and Power Transformers. Close temperature control is essential 
in these systems. Efficient inhibitors properly maintained will help materially in pre- 
^ Refrig. Eng., 14, 173-182 (1927). 

F. N. Speller, Corrosion, Causes and Prevention, pp. 615-619, McGraw-Hill Book Co., New York 1935 
^ Marc Darrin, Ind Eng. Chem. 37, 747 (1945). 

® “A. C. S. Symposium on Inhibitors for Aqueous Corrosion, September, 1944,” Ind. Eng , Chem 37 
702-752 (1945). " ’ 
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%entmg impairment of heat transfer bj ruot scale Hexaraetaphosphate and other 
polyphosphates are \cry effective in preventing the formation of lime scale and when 
Uiod in sufficient concentration they act as corroaion inhibitors ^\hen the volume 
of water is not great and perfect protection again&t both scale and corro ion u 
essential it seems advisable to use 5 to 10 ppm of the phosphate with about 500 ppm 
of chromate or sufficient to more than prevent bimetallic corrosion ^ 

Boilers Chromates hav e not been found generally applicable to protection of 
operating steam boilers but are applicable when boilers are out of service At room 
temperatures where it is necessaiy only to protect iron and the lo»s of water li. email 
and the volume large sufficient protection may often be obtained with 100 ppm 
chromate at pH 

Limitations of Chromate Treatment ■\\ here the chromate concentration agiinSi. 
the metal drops below a certa n minimum (which depend* on many conditions) the 
corrosion may be localized in the form of pits It is therefore advisable to maintain 
a much higher concentration than the minimum necessary to prevent localized corro- 
sion The depletion of chromate is Icos at the higher concentrations n&uming that 
there is no leakage or other losses 

The chroinalca are 'omelimes reduced to the chromic salts the latter having no 
value as inhibitora therefore the chromates cannot be uaed economically where there 
IS more than a v eiy amall amount of certain organic reducing matter an the water The 
reducing effect of organic substances or contaminated waters can br a«i]y determined 
in the laboratory * “ * 

Toxrcin of chromates herev er chromates are used in solutfioa they may pro 
duce an irritation of the skin if exposure is prolonged though vvoihmg after handling 
chromate solution is sufficient to prevent such trouble m most i/ases ^^here cooling 
towers are used they should be well baffled to reduce windage losses High concen 
trations of cl romate are usually inadvisable when the temperaturL of cooling water 
os reduced by ®pray ponds or cooling towers 

Non HEcmcuL-vTiNQ Cooling Ststems 

These may be treated with lime or caustic soda to raise the pH to about 11 unless 
aluminum or other metals are pre«ent that are attacked by the high alkal nity water 
PolyphoTihates to be effective require circulation or agitation Organic inhibitors 
sodium silicate or chromate* may ako be u^ed m systems of this tj’pe With due 
regard to limitations stated abov e chromates probably will giv e the best results in this 
type of 'ystem Mechanical deaeration has been applied recently to such syotems 
(See p 506 ) hen the v olume of water js very large the cost of treatment is often the 
limiting factor 

In moving or surging water systems such as hydraulic elevators and gas holders 
100 to 200 ppm chromate usually give satisfactory results ® 

Cathodic PnoTEcnoNf 

This method which has proved satisfactory and economical for the exterior pro- 
tection of gas and oil pipe lines underground has also been applied successfully to 

• It appears that chromates are reduced by ethyl alcohol but not as readily by methyl alcohol anti 

{reeic aolut ona ( 

t D scussed further in chapters beginn ng pp 923 and 935 y 

I A C S Sytnpoa utn on Inh'b tors for Aqueous Conr»ion September 1944 Jnd. Enc Chem 37 
702 752 (I94o) , _ 

* R C Ulmer and J Decker Comhuatwn 10 31-32 (1»28) 
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the protection of the inside of water-storage tanks and other structures that are in s 
contact continuously with water. A protective paint or bituminous coating that 
insulates a large portion of the surface will very materially reduce the total amount 
of protective current that is required to arrest corrosion on bare anodic areas. 

For each structure it is necessary to determine or estimate the minimum cathode 
current density required and design the anode or anodes so that the necessary protec- 
tion can be obtained most ^economically. In waters having relatively high electrical 
conductivity, such as sea water, this requirement is comparatively easy compared with 
fresh water. In fresh water the composition of the water is a major factor. It is there- 
fore desirable to obtain experienced engineering advice in the analysis of these 
problems in order to obtain an accurate estimate of the minimum current density 
required. The current is then controlled by the potential between the anode and the 
structure to be protected. 

Rectifiers and sacrificial anodes have generally proved to be practical for supplying 
the necessary direct current for protection of surfaces in contact with neutral waters.^ 

Oil Product Lines* 

Gasoline and other oil product lines underground sometimes suffer serious loss of 
capacity by corrosion tubercles that form as in water inains. Water containing dis- 
solved oxygen is condensed on the pipe walls when the temperature of the oil or 
gasoline drops. There is usually enough oxygen dissolved in the fluid to keep the 
corrosion process going on. Practical remedies have been found in the addition of 
suitable water-soluble inhibitors, which include sodium nitrite or chromate, and, in 
a few cases, in dehydration of the oil or gasoline before it enters the transportation 
pipe lines. An organic inhibitor soluble. in gasoline and slightly soluble in water has 
been developed.^o 

Domestic Water Systems 

These waters are selected and often treated primarily for domestic use, but are 
often used for boiler feed and cooling, with or without local treatment. 

Treatment of Domestic Water. Water treatment for very large systems bj' reason 
of cost involved is usually limited to pH control and intentional deposition of CaCOs 
scale. For small systems, more expensive treatment is warranted as a rule. It is 
occasionally more economical to treat water used in individual buildings where hot 
water piping, for example, is subject to corrosion from soft water than to treat the 
entire city supply. 

The treatment of potable water is also limited to that which will not render it 
objectionable or injurious for drinking or cooking even though much of the supply 
may be used for cooling or fire extinction. As corrosion prevention is ultimately an 
economic problem, it is always important to consider cost in selecting a system of 
treatment for any specific purpose. 

Sometimes only the hot water supply of individual buildings requires treatment, 
because metal parts of hot water systems generally last less than one third as long 
as those of cold water systems, unless the dissolved oxygen has been reduced or 
other protection provided. The maximum temperature in hot water supply systems 
should be limited to 60° C (140° F) unless the water is well treated or deaerated. 

* Further discussion appears in Inhihitors and PassivaioTSt p. 914. 

® L. P. Sudrabin, Proc. Eng, Soc. W. Pa., Fifth Water Conference (October, 1944). 

"Symposium on Internal Corrosion of Oil Product Lines," Proc. A.P.I. Production Div., 1943. 
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The Carbonate Balance System (the Saturation Index) The carbonate balance 
•jj-stem of treatment aim* at having an excess of CaCOa present *0 that a continuous 
protectn e la>er of CaCOg is depo ited on the inside of the pipe or container This is 
accomph«hed bj adjusting the pH with respect to the carbonate bicarbonate and 
free CO 2 

here the "cale deposited la maml) CaCOj the tendenej to form this ecale (and 
the resulting retardation of oieraU conro«ion that may be expected at normal tom 
peratures) is indicated roughly bj the Saturation Index >3 n is ic Thi? index Js a 
mathematical evaluation of the abiht) of a water to precipitate calcium carbonate 
Compounds like calcium carbonate are more likel> to depo it on cathodic areas by 
reason of the greater alkalinity in these regions and b> decrea«ing the rate of 
difla ion of oxj gen to the metal they tend to slow down corro. ion 
The Saturation Index pH (actual) — pH, (al o called Langelicr Index) is ba ed 
on total solids total alkalmitj pH and calcium content of tl c water It is calculated 
using the expre"ion as derived bj Langel cr *■* 

pH. — (piv* — pK. ) + pCa++ -j- p\lk 

The last two terms are negative logarjlbms of the mob) and equivalent concentrations 
of calcium and titratable ba.e (methjl orange indicator) ro-pectivelj plv,-* is 
the negative logarithm of the second dussociation constant for carbonic a id and 
pix. la the negative logarithm of the activit> product of CaCOs The difference 
(plx" — pix, ) varies with ionic strength (salimtj) and temperature Its value for 
soft water al 20* C la 2 1 

The Saturation Index is equal (0 the difference between the actual mealed pH 
of a water and the value of pH. calculated b> the above ciprcs^ion A poaitne index 
indicates that calcium carbonate is being depo ited a negatve index md cates a 
tendenev of calcium carbonate to di« oKe ^here the index is over +0ii at normal 
temperature (ox>gen and other factors being the same) corro ion is decreased 
whereas with an index of —0^ or less corro«ion tna> iDerea«e As the index la 
e'Scntiall> an indication of the tendenev for a calcium carbonat <cale to be depo ited 
it must be u-ed with considerable judgment and with due regard to other important 
factors It 13 not claimed that the index predicts the rate or distribution of corrosion 
(pitting) at elevated temperatures particu1arl> smee calcium carbonate and other 
scales depo ited from water often break down localh at these temperatures 

Silicate of Soda Silicate of «oda has been used •'ince 1920 to protect iron lead and 
brass water pipe For most waters a solution of SSiO** 13 recommended which 

mav be fed bj an> convenient tjqje of proportional feed apparatus 
In all cases where inhibitors are added the metal surface should preferablj be 
free from thick corrosion products or «cale "Most of the corro«ion is found in the 
hot water cupplj pipes but it is convenient and often desirable m large buildings to 
feed the «i!icate near the cold water inlet Sodium silicate equivalent to about 12 
or 16 ppm 'ilica "hould be fed to the water for the fir=t month after which it may 
be reduced to give S ppm added «ilic3 or even le^a in 'ome cases It is «ometimes 
desirable to double this minimum do^e every few months The water is not injured 

F S Speller Corrorten CauMt ond PrrrenfKm p 3© XIcGmw Hill Book Co. New York 193s 
•*Tr F Langelier J Am JTaUr Worki A*hk X8 1500(1936) 

W \ \ Kendal] Proe Am. Sot Tetitng 3laltnal» 40 1318 (I9t0) 

•*C P Hoover J Am Walrr Worii Aiiot 30 1802 (1938) (Tbis la a conven ent graphical method 
(or determnune the index.) 

**F E. deVtarl ni J Am ITater Worli Attoc. SO 8a (1938) 

“ST Powell. H. E Bacon and J R. LCl. /tut Eng Chem. 3T W2 (1945) 
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for domestic use by this treatment. The rate of corrosion of iron pipe has been 
reduced by 70% and dezincification of brass pipe practically stopped by this simple 
treatment. The same treatment may be used to retard solution of copper by regu- 
lating the silicate of soda so as to give the water a pH of about S, However, the 
amount required and the effect are not the same in all waters, and important appli- 
cations may require the services of a water-treating chemist to secure the best results. 

Hexametaphosphate. Hexametaphosphate and other polyphosphates of soda have 
proved highly useful in preventing the formation of scale deposits due to excess of 
calcium and magnesium salts in water; 2 to 5 ppm are usually sufScient for this 
purpose. These compounds also prevent discoloration from iron when added in the 
proportion of 2 ppm for each 1 ppm of iron in solution. For this purpose the phos- 
phate must be added before the ivater is ‘chlorinated or exposed to air. 

When the water at normal temperature is in turbulent flow (about 1 ft per sec 
or higher in pipe under 1 in. diameter) 8 to 10 ppm hexametaphosphate have been 
shown to retard corrosion materially, apparently by formation of an insoluble film on 
the metal.i" 

A 30% solution of hexametaphosphate can easilj^ be mixed with a similarly con- 
centrated solution of sodium silicate and fed through the same apparatus. This 
mixture appears to give better protection to water S 3 'stems, hot or cold, than by using 
either of these compounds separately. The protective deposit from two different 
inhibitors used together is sometimes more effective than either one by itself. 

Organic Substances. Organic substances such as glucosates, dextrine, or the tan- 
nins compounded with other inhibitors have been found promising, especially in 
water at high temperatures, 80° to 90° C (180° to 200° F), whei-e the cost is not 
prohibitive. 

The materials now available as corrosion inhibitors for potable water are limited. 
More exploratory work by chemists is needed in this field as the damage that may 
be caused by a relatively small amount of raw hot water in the intricate piping sj'stem 
of a large building generally warrants treatment at a cost that would be prohibitive 
for a large municipal supply 

THE SELECTION OF METALS OR COATINGS 
Pipe Materials 

For fresh waters the choice lies mainly between galvanized ferrous pipe, copper, 
and two or three grades of brass. Each is available in three thicknesses and standard 
inside nominal diameters with threads and couplings of about the same metal com- 
position. Copper is available in thinner wall pipe provided with solderable stream- 
line copper fittings. For all but very temporary installations, the thickest grade of this 
type of copper pipe should be used. 

Soft waters (nearly neutral) are much more reactive with iron than those of higher 
primary alkalinity or where supersaturated with calcium carbonate. Galvanized pipe, 
at least in cold water lines, has given good results in many localities, especially where 
the waters are of moderate carbonate hardness. 

In water, salt or fi'esh, there is no material difference in rate of pitting of wrought 
iron, steel, low-metalloid steels, or copper-bearing steels; this is contrary to the 
relative performance of these metals in the atmosphere. Low-alloy steels containing 

G. Hatch and O. Rice, Ind. Bng.'Chem., 37, 752-759 (1945). 

“A. C. S. Symposium on Inhibitors for Aqueous Corrosion, September, 1944,” Ind. Ena Chem 37 
702-842, (1945). " ’ 
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nickel and chromium are not enough better m this respect to warrant their extra 
coat for water supply ser\iccs 

For monumental buildings copper or 8o%Cu-15%Zn brass of the standard pipe 
gage Is advj able unless the water is deactiiated by removal of the dissolved oxygen. 
or bj other adequate treatment Brasses with 60 to 67% copper are dezincified m 
some corro ive waters (see Fig 10 p 1107 and Fig 11 p 1108) and m certain locali 
ticc aie not much more seniccable than galvanized iron or steel pipe The zinc maj 
be leached out local!} leavint, a plug of porous copper or the dczincification may be 
pread out rcouitmg in a genera! weakening of the pipe which ij, e pcciallj noticeable 
under threa N 

CoTto ton of copper and brass piping varies eonsiderabl} witli the water com 
position The solubility of copper increases mainly with the free CO 2 content and to 
a lesser extent by half bound COo or waters high m bicarbonates Copper in solution 
ma} produce a greenish tinge on vitreous enamel fixtures This condition may be 
remedied by raising the pH to about 85 with lime or eodmm sjhcatc As a rule gal 
vanizcd pipe gives ita beat service in waters containing a moderate amount of bicar 
bonate of lime (as m Lake Erie) whereas copper shows up better in softer waters 
when Che free CO. is not m excess of 2 ppm 

A low concentration (05 ppm) of copper in water seems to accelerate the corrosion 
of galv anizecl iron or zinc bj depa ition of finely dn ided copper on the zinc 20 Copper 
heating coils attached to gaU anized hot water storage tanks cause the latter to corrode 
more rapid!} because the high temperature free ox}gcD of the water and rapid 
circulation aetiveh di'vohe copper Cement or vitreous enamel lining m tanks or 
suitable water treatment will reroedj this condition The amount of copper taken 
up by the water does more harm to the galvanized equipment than to the pipe that 
supplies the copper In water used for cooking copper tends to destroy vitamin C 
(ascorbic acid) 

Cupro-niekel (70 30) pipe and tubing pvc the best service in «ea water 6}«tems 
although red bra«s and extra heavily galvanized pipe are used with certain precautions 
for this t}pe of service Galvanic contact effects must be guarded m sea water s} stems 
They are of Ie«s importance m dealing with fre«h water 

Aluminum pipe ma} be u ed for distilled water Lnes but it is attacked Benou^I} 
b} some domestic and industrial waters 

Obviou«!v there fc> no one piping material that is suitable for all water «;} terns so 
that wafer treatment and precaiitionar} roea'^ures are often necessary to obtain the 
jtsvav* .with ml}' jif vthp inpw .matecLal's javmmnnjv oiseil 

PROTEcnox OF Pipe bt Coatings 

Both cast iron and 'led water pipe corrode more or less and lose cariying 
capacity rapidl} b} tuberculation unless protected from corrosive waters Interior 
protection ^ now uaually obtained by the hot application of bituminous enamel 
about ViG m thick b} the centnfugal process usually under A W W A Standard 
Specifications 7A5 and 7A, 6-1940 

Air drying paints have pcen matenallj improved for service m water but except 
perhaps as a priming coafifor bituminous enamel they lack the de«ired durabiht} 
for protection of water Iims Certain bakmg tyrpe phenolic resin formulations are 

”E P PoIushkjD and H 1/ SbuMeuw Trmt Anv Jnrt. Enpr* 161 214 (1945) 

L Kenworthv J In$t Mttali w 67 (1943) 

** I- Tronstad and R Ve mo ITofeVnd ITaler Eng 43 22a (1940) 
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however, much more durable than air-drying paints and promise to’ prolong con- 
siderably the life of steel pipe and tanks in hot and cold water systems and similar 
service. 

Paints for Underwater Service 

Paints for underwater service at normal temperatures have been greatly improved 
during recent years by the use of phenolic, chlorinated rubber, and other synthetic 
resin bases. Substitution of tung oil for all or 60% of the linseed oil previously used 
and the addition of inhibitive pigments have also played an important part in pro- 
longing the useful life of paints in water .22 (See chapters on paints, beginning p. 878, 
and chapter on paints for sea water exposure, p. 430.) Several of these paints are now 
being made by leading manufacturers. 

Portland cement coatings have given long service as interior coatings for large 
water mains and can be readily applied to old tuberculated mains after cleaning.^s 
The exteriors of water mains are usually protected from soil corrosion by reinforced 
bituminous coatings (see p. 898), preferably with cathodic protection. (See pp. 923 
and 935.) 

Preparation of Metal Surface for Painting. Sand or steel grit blasting or acid 
pickling is now recognized as the best method of preparing the metal for painting. 
All mill scale and rust should be completely removed and the paint applied when the 
surface is dry and at a temperature above 10° C (50° P). Mill scale is cathodic to iron 
and therefore promotes pitting. 

Aqueous inhibitive solutions containing phosphoric acid applied to the clean metal 
before painting have been found to reduce but not entirely prevent blistering of 
paints in water, but their effect is markedly different with different paints. These 
inhibitors are usually most effective with the better-class paints. Under atmospheric 
exposure the beneficial influence of these inhibitive washes is much less noticeable or 
entirely lacking. (Report of Subcommittee XXIX of Committee D-1, A.S.T. M., 
1944.) 

Storage Tanks 

Copper, 70% N'i-30% Cu alloy (Monel), and other rust-resisting non-ferrous alloys 
are satisfactory for hot water storage in residences. Galvanized tanks are generally 
used, but frequent replacement is often necessary in soft water districts. A. S. T. M. 
Specification A120-43 requires a minimum of 2 oz of zinc per sq ft of covered surface 
for pipe. This requirement should be met on the interior of galvanized pipe and 
tanks as the protection obtained is about proportional to the thickness of zinc. 

The interior of cold water storage tanks of steel may be protected with three or 
four coats of selected air-drying synthetic resin-base paint preferably supplemented 
by cathodic protection. Steel tanks lined with certain new baked synthetic resin base 
coatings are promising for hot water equipment such as for low-pressure heating 
boiler tubes, heat-exchanger tubes, and piping. 

Steel tanks lined with neat Portland cement have given satisfactory service with 
hot water for over 12 years. A coating of this t 3 q)e can be applied so as to cover all 
exposed metal. Cement-lined standard steel pipe is listed in sizes % to 12 in. These 
products have been subjected to severe heating and cooling tests in w'ater with 
satisfactory results. Small pipe lined with hydraulic cement bj'^ hand has given over 
50 years of satisfactory service with New England soft water. Until better materials 

F. N. Speller, Third Water Conference, Proc. Eng, Soc. W. Pa. (19421 

“ F. N. Speller, Corrosion, Causes and Prereniion, pp. 349-355, McGraw-Hill Book Co., New York, 1935. 
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are ailabie thi® well known means of protecting the imide of «teel tantg and pipe 
ina> be u c-d with confidcn'*e when properlj applied The cement «bould prefei^lj 
cam a mall amount of iron and manganese and the coating in tanks mu^t be at 
lea®t ^16 m thick Tanks pronded with manholes maj be lined m ®itu b% hand with 
neat cement mortar about ’ m thick The cement after imtial 'et should be cured 
24 hour® with team or hot water Beiore coating old loose ru t should be remoied, 
but the metal does not baie to be perfectlj clean and dr> Special attention ghould 
be giien to protection of exposed metal in joinL of cement-Jiaed pipe as prescribed 
bj the manufacturer 


DEACTIVATION AND DEAERATION OF WATER 
F \ Speuxe* 

Disfcohed ongea is urualh the controlling factor m corrosion of iron in water 
In the return condensate bnes of heating ®> teOL free CO 2 is aLo of pnme impor 
lance ('^ee Corroiion of Slenm Conden*ale Lite* p o3S ) Thes^ factis haie been 
es ablisbed bv laboratoi^ expenments and b> experience in 6cr^^ce 

The degree of remo'al of free oxigen required to prevent senoua corronon depends 
mamh upon the «6mce temperature and to a lister exienj upon the ampunl 0 / water 
pa-ing through the tern In cold water tern, it t desirable to reduce the orvgen 
to not 01 er 0^ ppm (02 ml/liter) The maximum disolted oxigeo that can be 
tolerated in cold water s\etem- depend, on the tvpe of ervice and flow capacitv of 
the sv tem BTica lower oxvgea i, dt-sired than can be attained with single-tas'* 
deacrato^ it irav be obtained b\ deactivating the effiuent from deaerato' with 
sodium sulfite or other chemical treatment or bv c.uig a multiple— tase deaerator 
A* TO* C (160* F) a- in hot water upplv «vnein. it l usiialh not n«ev.arv to reduce 
free oxvgen below 010 ppm (007 ml/bter) for low pressure neaia boiler operating 
under 2o0 pa without economuer the de«irab'e maximum should not exceed about 
OXB ppm (002 ml/liter) fo high pre-Tirc boiler or when ecoaomuer* are ued 
practicaUv re 0 oa^gea is required t Standard method and di.sciL.non on precuion 
of detennmation of du ohed O and CO* will be found in \ S T M PTorccdings 
Eepo'^ of Committee D-19 03 Water for Indu^lnaJ 1. e= (t?ee Boiler Corrosion, 
footnote p o2o ) 

n&crn <no^ 

Removal o'" corrcKive gase* bj* chemical mean- has been accompli-bed bp allowing 
th** ho* water at about 70’ C (160’ F) to remam in contact with a large area of 
perforated steel thee* or «crap for half an hour or mo'e until the ox> gen ha- been 
sufScientlv t-ed up in coraosion of the metal kpparatu. has been desizned for hot 
wate” sypph -v-stem- and Urfd for that purpo^ with sand filter which demon'trated 
that the principle i. soi-nd but the apparatus wa- often too bulkv and required 
regular attention This method ha therefore been largelj superaeded bv mechanical 
deaeration 

Sodium sulfite u in;ed for removal of residual dissolved oxv gen and is reasonable 
in cost when 90*^ of the free 0 x 5 gen js removed pravaouslj bv mechanical deaeration. 
About S lb of sodium sulfite are required to remove 1 lb of oxygen. About 30 ppm of 

• CoiaaJlaat PrtUbarrh, P«. 

t Zrro axrern, ceoaufmaDy ipesims usuilly taears ozrem below OnOo ppa (OJXXlo cJ Iiict) 



DEACTIVATION AND DEAERATION OF WATER 


507 


excess sulfite should be maintained in boilers to insure complete removal of oxygen * 
Ferrous sulfate, neutralized with caustic soda, has been used to a lesser extent for 
this same purpose. 

DEAERATION 

Dissolved gases can be removed from water if the temperature and pressure 
conditions are regulated so that the gases become insoluble and conditions are favor- 
able for their complete separation from the water. During the years just past, the 



Fro. 1. General Layout of Cold Water Deaerator. (The Te.xas Company.) 

design of mechanical apparatus for this purpose has been greatly improved, and there 
are now available several types of deaerators, each of which is adapted for a specific 
service. This equipment is also designed to remove free CO 2 , H 2 S, and NH 3 from 
water. 

Cold Water Deaeration 

Apparatus is now available for deaeration of water without heating. One large 
installation handling 4,000,000 gal per day reduces the oxygen to 0.33 ppm, which 
was found sufficient to prevent objectionable corrosion and tuberculation in a long 
steel pipe line.i The water is sprayed over trays in a chamber under high vacuum 

* The rate of reaction of eodium sulfite ivith dissolved oxygen has been studied by R. M. Hitchens and 
R. W. Towne, Proc. Am. Soc, Testing Materials, 36, Pt. II, 687 (1936). 

^ S. T. Powell and H. S. Burns, Chem. Met. Eng., 43, 180-184 (1936), 
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(about 2S 5 m of Hg) The non condensable gases may be removed bj steam ejectors 
with condenser* or bj vacuum pumps A diagram of a plant which embodies this 
principle is shown m Fig 1“ Some very large instaUations have been conatructed 

recentlj * 

Hot WtTER DEVER.1TIOV 

The main condition in anj hot deaerating device is to maintain the finelj divided 
water for a sufficient time at the boilmg point corresponding to the pres ure at which 
di-solied ga-ca separate freeJ 3 The simple tjpe of open feed water heater which 
precedes the deaerating heater reduces the di->soUed oxjgen to about 05 ppm (05 
ml/bter) when operated between 88 ® and 93® C (190® and 200“ F) and freel> vented 
to the atmospliere Thi* has given considerable relief from corrosion in low pressure 
steam boilers However in economizers or high pressure boilers, corro«!on increases 
so rapidh with the temperature that complete remov al of dis olv ed 0 x 5 gen is nece* 
'arv This can be practicallv accomplished in deaeratoi^ of modem design 

Deaerators for Hot Water Supply Systems This tjpe is designed for u e mainlj 
in large buildings like ho pital* and hotels The water is healed to the boiling point 
under a vacuum eo that the water temperature will not exceed 60® to 80® C (140® 
to 17o° F) The «team parses through healing coils so that there is no danger of 
oil contaminating the water The water is sprajed downward over travs and is heated 
b 3 two sets of steam coila The «team admitted to the lower coils is above the 
temperature of the water and generates free steam which sweeps the non-condensable 
ga^e* out through a v ent conden«cr cooled b> the incoming cold water The condensate 
from the vent coDden«er is drained back into the tray chamber while the non 
conden-able ga^ea are drawn off bj a vacuum pump or 'team ejector This tjTie of 
deaerator ma> be located m the basement of the building m which ca«e a hot water 
circulating pump is required or it maj be placed at a «ufficientlj high lev el to permit 
granCv flow For such «cruce a minimum of 006 ppm (OW ml/litep) 0 / rS'idual 
oxvgen will give good protection at temperatures below about 70* C (160® F) 

Deaerators for Boiler Feed Water The«e are designed for direct contact between 
the water and «tcam The deaerators most geoeralb in u«e at pre«pat are of the 
tray tj^pe operated under prcv.ure or vacuum The spray tJTie operated under light 
prcsnire coming into more general u,e m «te3m boiler plant* In the trav tjpe 
deaerating heater the cold feed water p3«.e> fir^t through a vent condenser then 
into a steam heated chamber where it i* cascaded ov er metal trav 3 and thence to 
the storage "ipacc Steam fills the entire «pace, its course being eo directed as to heat 
the water and eliminate non-conden^able ga‘=«3 Practicall} zero oxvgen can be 
obtained in this way (Fig 2) 

A later tv-pe of deaerator has been designed for complete removal of ga'cs bv 
tnecbanicallj atomizing the water into an atmosphere of «team at about p 1 
prc« ure Thi^ tvpe of deaeration has been developed 'satisfactorily for marine boiler 
service and its wider u«e for stationary boiler serv ice 15 generally predicted (Fig 3) t 
It consists e=s:ential!y of a vent condenser a ''team heated section a deaerating section 
«urrounding the steam inlet and a «tor3ge «!ection below The cold feed water passes 
through the a ent condemer, then through the atomizing nozzles mto the steam heated 

•A muJt ple-jct Jeaeratin^ apparatus jntended to eff«ct greater removal of non-cocdepsab!e gases has 
beeo patented b> *1.^ Powell^P S P 20SO151 May U 1937) 

t Deaerators des gned on the pkinciples illustrated in I"gs. 2 and 3 are also available from other manu 
facturers. 

*W H AttR-UI Prt>e An. PelreletimJnst lllh Alid year meeting Sect lit it 90-93 fMay 1941) 



Fig. 2. Stationary Tray-Type Deaerator. (Elliott Company.) 
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ecction and again through a water atomwmR norzie into the deaerating «ect!on and 
thence to the storage ■space The «steam enters the deaerating section at about 1’/^ lb 
pre&sure and follows the re\er‘'e course to the lent condenser, where the non-condensa 
ble gases are discharged and the rc-idual heat of the steam is transferred to the 



"“Blow off Pump supply Blow off-' 


Fig 3 Internal Section of Cast Iron Spray Type Deaerator (Cochrane Corporation ) 
incoming water Moat of the free ox>gen is removed from the water when it is first 
heated but the last 5% or so is much more difficult to eliminate The deaeratmg 
section la designed to reduce the free o*>gcn to practically zero 
The more efficient deaerators remoie all the free COj and part of the half bound 
CO2 and other ga'es The pH is raised when the CO2 is lowered m this operation 
The de^elopment of these and other deaerating deiices has done much to eliminate 
coTTCteion from water <o»tems and steam boilera In fact this apparatus ma\ be 
considered gn essential part of a modem «team boiler plant Se\eral other designs 
for different tjT>es of «er\ice are available Literature of the leading manufacturers 
should be consulted for details of construction and as to the design best adapted for 
any specific ser\ ice 
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CORROSION BY HIGH-TEMPERATURE STEAM 
G. A. Hawkins* and H. L. Solberg* 

The introduction of high temperatures in modern central station steam-generating 
equipment and industrial processes has resulted in an intensive study of the corrosion 
produced by steam in contact with various alloy steels. The materials investigated 
are used for superheater tubes, turbine blades and buckets, valve parts and piping, 
and also in other apparatus for various industrial processes. 

TESTS UNDER LABORATORY CONDITIONS 
Effect of Pressure 

Corrosion tests^ conducted on S. A. E. 1010 steel (0.1% C steel) at 593° C (1100° F) 
for a period of 36 hours at pressures ranging from 400 to 1200 psi indicated that, 
within the limits of the test conditions, pressure did not influence the type or rate 
of corrosion. Although the tests were of short duration, they covered the period of 
time during which corrosion is most rapid. 

Influence of Test Duration 

The effect of duration of exposure time on the corrosion of S. A. E. 1010 ; 1.25 to 9% 
Cr-Mo, 12% Cr, and 18-8 columbium stabilized stainless steels (analyses in Table 1) 

Table 1. CHEMICAL ANALYSIS (LADLE) OP STEELS IN PIGS. 1 TO 0 

Percentage 


Fig. 

steel 

C 

Mn 

p 

s 

Si 

Cr 

Ni 

Mo 


1,2,3, 4,6 

S. A. E. 1010 

0.08 

0.30 

0 017 

0.034 



... 



6 

2% Cr-Mo 

0.11 

0.47 

0.017 

0.010 

0.40 

1 98 


0 51 


1, 3, 4, 5, 6 

3% Cr-Mo 

0.11 

0.51 

0.014 

0.016 

0.36 

2.95 


0 98 


1, 2, 6 

4-6% Cr-Mo 

0,12 

0.41 

0.017 

0.016 

0.28 

4 60 


0 54 


3, 4, 5 

4-6% Cr-Mo 

0.10 

0.33 

0.020 

0.027 

0.28 

5.66 

0.22 

0 50 


2 

7% Cr-Mo 

0.11 

0.43 

0.012 

0.011 

0.92 

7.33 


0.59 


1, 2. 3, 5, 6 

9 % Cr-Mo 

0.11 

0.38 

0.010 

0.016 

0.27 

9.00 


1,22 


1 

12%Cr 

0.05 

1.19 

0.021 

0 025 

0.38 

11.92 




2 

12% Cr 

0.10 

0.51 

0.022 

0.029 

0.40 

12.70 




3, 4 

12% Cr 

0.10 

0.52 

0.014 

0.015 

0.32 

12.92 

0.12 



1,2, 3, 4, 5 

18-8-Cb 

stabilized 

0.07 

0.36 

0.015 

0.012 

0.39 

18,62 

9.9 


1.11 Cb 

2 

18-8 

0.08 

1.13 

0.014 

0.078 

0.39 

18.79 

9.08 

0.27 


5 

25-20 

0.07 

1.62 


. . . 

0.34 

24.45 

20.30 



5 

25-15-2 %W 

0.10 

1.76 



0.56 

24.18 

14.34 




2.06 W 


has been investigated at 595° C (1100° F). Reported tests2 cover time intervals of 200, 
500, 1000, and 2000 hr. The data averaged for over 200 test samples are plotted in 
Fig. i. It is apparent that the corrosion decreases as the chromium content of the 
steel increases. The high-chromium steels are particularly corrosion-resistant for the 
time intervals indicated. The corrosion rate is very rapid during the first 100 hours, 
but levels off under constant temperature conditions. Sixty-five to more than 80% 
of the corrosion occurring in 2000 hours took place during the first 500 hours. 

• School of Mechanical Engineering, Purdue University, Lafayette, Ind. 

* A. A. Potter, H. L. Solberg, and G. A. Hawkins, Trans. Am. Soc. Afec/i. Engrs., 69, 725-732 (1037). 

- H. L. Solberg, G. A. Hawkins, and A. A. Potter. Trans. Am, Soc. Mcc/i. Engrs., 64, 303-31G (1042) 
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Influence of Chromium Content 

The amount of chromium in steel as Fig 1 showa, has a marked influence on the 
resistance to coirosion by high temperature steam Ali reported tests venfy this 
conclusion A repre^entatue set of tests data" for approximately 745® C (1370° F) 
and 300-hour exposure is shoivn in Fig 2 The steels having 7% chromium or more 
showed \ erj little corrosion The 18-8 stainless steels, both stabilized and unstabilized 
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DURATION OF TEST, HRS 

Corrosion of Steel Bars m Contact with Steam at 595* C (1100° F) for \ anou* Time 
Intcn als 


were practicallj iinattacked at the test temperature The addition of chromium 
appears to be the mo t effectne means for obtaining corrosion protection in high 
temperature steam 

Lffect of Temperature 

Steam temperatures material^ influence the corrosion of steeh>, as sliown in Fig 
3 ^ All except 18-S «tainle'-s steel begin to corrode rapidl> at some temperature below 
910° C (1670° F) The temperature it which rapid corrosion begin increases with 
the chromium content The 18 8 stainless «teel shows the ^ame tendency toward 
rapid corrosion abo\e its bmiting temperature of 910° C (1670° F) as does the 
S A E 1010 steel at a much lower temperature (59)° C, 1075° F) 

3 0 A Hawkins J T Agnew H E Solbere Tnnt Am Soc iirch Engr, 66 291 295 (1944) 
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Figures 4 and 5 show the results obtained in two tests'* conducted at steam tem- 
peratures of 815° C (1500° F) and 940° C (1725° F) for a period of 500 hours. The 
marked influence of chromium is evident. The 25% Cr-20% Ni and the 25% Cr-15% 
Ni-2% W steels which were tested at a steam temperature of 954° C (1750° F) showed 
no corrosion at the end of 500 hours. Additional tests showed that these two steels 



Fig. 2. Corrosion of Steels in Contact with Steam at Approximately 745° C (1370° F) 

for 300 Hours. 

were also extremely resistant to steam corrosion for 1300-hour test periods. At 980° C 
(1800° F) the 25% Cr-20% Ni steel lost only 0.11% of its original weight in 1300 hours. 

Effect of Extreme Temperature Fluctuations 

In order to determine the influence of rapid temperature changes on the corrosion 
rate, specimens of S.A. E. 1010 and Cr-Mo steels were subjected to superheated 
steam at 650° C (1200° F) for 500 hours. At the end of this period three specimens 
were removed from th6 apparatus. One half of the remaining samples was held at 
650° C (1200° F) with sudden cooling to room temperature in nitrogen, and heating 

* G. A. Havkine, H. L. Solberg, J. T. Agnew, and A. A. Potter, Trans, Am. Soc. Mech. Bngrs., 66 301- 
308 (1943). 
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again to 650“ C (1200* F) every IM hours until the total time m contact with high- 
temperature steam was 1200 hours The remainder of the specimens was treated 
fiimiJarlj except Xor a 50 hour cooling qycJe Specimens were removed after 700 houre 
and at the end of 1200 hours in order to measure the extent of corrosion 
Visual ob cr\ ation indicated that the layer of corrosion products is thinner and 
more brittle as the chromium content increases, up to 5% The scale on the low 
carbom'iteel specimens was very thick, porous, and, in spite of the severe temperature 



Fia 3 Corrosion of Steel Bars m Contact with Steam for 5tX) 
Hours at Various Temperatures 


shocks, had spalled onlj eligbtlj as compared to the 4 to 6% Cr steel The 2% Cr 
steel opalled le-^ than the 3% Cr steel, and the third layer of "cale (discussed below) 
was cracking m the 4 to %% steel at the end of 1200 hours Little scale formed on 
the 9% Cr steel, and a ralcro^copIC examination of the surface at the end of the te t 
failed to show evidence that the scale had cracked or checked 

Figure 6 is a chart of the results » It is apparent that the diRerence in results 
emplo>ing the 56- or lOO-honr-cscle te^ts is not significant The thickness of the 
«cale or in other words, the time of exposure, to the factor which controls cracking 
and spalling of any given steel subject to temperature fluctuations Here, too, the 
corrosion decreases as the amount of chromium in the steel increases 

*H USoIbwe G A-HswkiM wdA-A Pmter, 3>t>M Soc. Enifr* , M 303 310 (1942) 
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Types o'f Scale Formations 

In general, the steels which have been tested^ at 650° C (1200° F) under rapid 
temperature fluctuations may be grouped into three classes according to the type of 
scale formed. The first group consists of low-carbon steel, carbon-0.5% Mo, and the 
low-chromium steels, which are covered with a thick, porous, tightly adhering scale. 



Fig. 4. Corrosion of Steels in Contact with Steam at 815° C (1500° F) for 500 hours. 

The scale which forms on the steels of the second gi’oup, that is, the 4 to 6% chromium 
steels and the 2% Cr-0.6% Mo-0.7% Al-1.3% Si steel is very brittle and flakes off 
under impact or fluctuating temperatures. The third group consists of steels having 
a chromium content of 7% or more, upon ivhich a very thin non-porous tightly 
adhering scale is formed. 

The scales which formed on 3% Cr-Mo, 4 to 6% Cr-Mo, 1% Cr-Mo, and 9% 
Cr-Mo steels during 500-hour tests at temperatures of 815° C (1500° F) and 943° C 
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(1730° F) were composed of three layers® In general the inner layer was too thin to 
remo^ e for laboratory analy "is In all cas«8 a concentration of chromium silicon, and 
molybdenum occurred in the middle scale layer In ev ery case the alloy content in 



Fio o Corrosion of Steels in Contact with Steam at Appronmately 940° C (1725“F) 
for sOO Hours 


the outer later »aa lorter than m the middle lajer Thai agrees tilth many of the 
„y.dat.on theone, tvh.ch hate been adtanced. m that a, nee the outer lajer .3 com 
posed chiefly ol iron the iron must dtffnse through the alloj nch middle layer 


r a la. Solbers Train Ain. Soe ileeh Enjn 66 291 29a (1944) 




500 HRS 1 500 HR CONSTANT TEMR TEST FOLLOWED BY ^ 500 HR CONSTANT TEMP. TEST 

CONSTANT TEMR 200 HR INTERMITTENT COOLING TEST. FOLLOWED BY 700 HR INTER- 


CORROSION BY HIGH-TEMPERATURE STEAM 


517 



saaiawmiw ‘NoiivaiBNBd 



Fxg. 6. Corrosion of Steels by Steam at 650° C (1200° F) When Subjected to Extreme Temperature Fluctuations. 
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Influence of Shape of Surficb 

Tests'^ ha^e been conducted at 650“ C (1200* D for 1300 hours to determine the 
effect of specimen surface ehape Each specimen was machined so as to ha\e a con\ex 
conca\e, and flat surface The «ca!e formed on the inner concaie surface did not 
flake off as readilj as the 'cale which formed on the com ex or flat surfaces It is 
possible, therefore, that aIIo\ tubes of small internal diameter maj re^l^t corrosne 
attack better than noiild be mdirnteil from an anah'is of coiTo“ion data obtained 
from ®m3l! diameter solid bar stock 

Effect of Tensile Stresses 

In order to determine the influence of temilc >!t^e^3, te-ts* ha\e been conducted 
for 1030 and 2000 hours at ^team temperatures ranging between 593® C (1100® F) and 
650° C (1200* F) The range in stres'cs u-ed for the aurious steel' were carbon-O^^s 
*Mo, 5000 to 1000 P' 1 , 125% Cr-Mo. 11,300 to SIO P'l, 2% Cr-Mo, 9500 to 1300 psi, 
79iCr-Mo, 7500 to 1000 psi, 9% Cr-Mo. 4030 to 810 p'l 18-8, 10,500 to 2160 p-i 
\\ itbin the range of the te't condition^ tensile stress did not influence the amount of 
corrosion produced on fhc'C otecK 

CasT Steeus 

Figure 7 «how» the total cotTO«ion in 570 hours at 650® C (1200° F) for sea eral ca5t 
steels,® the approximate anah'p* of which arc pnea id Table 2 The corro ion 


Tabls 2 CHEMICAL ANALYSIS (L.\DLE) OF CANT STEEI-S IS’ FIG 7 
Pcrccntace 
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IS probably accounted for by the fact that the latter tests were conducted under 
steady tempeTature conditions, -whereas the Detroit Edison tests simulated service 
conditions, winch included dropping the temperature to room temperature for 
several days at a tune on several diSeient occasions 
The tests conclusively show again that chromium enhances the corrosion resistance 
in steam and that ferrous a])o>a containing high percentages of chromium are 
adequately corrosion-resistant at S95‘ C (1100® F) 

Non-ferrous alloys containing high percentages of nickel and copper were found to 
corrode more at steam temperatures of 500® C (925® F) and 595® C (1100® F> than 
the best of the ferrous materials 

The differences found in corrosion rates of carbon steels and medium- or low- 
alloy steels at 59S® C (1100® P) become insignificant at a lower temperature of 
500® C (925® F) 

The corro'ion re«!utancc of low-alloy content (QS% Mo or 1% Cr «teels), on the 
other hand, compares fa\orab!y with the 4 to 6% Ct steels at test temperatures of 
both 500® C (925® F) and 595® C (1100® F) The high Cr-Ni and 127c Cr stainless 
steels i^ere the moat corro^ion-reMstant of the metaU and alloys tested 
The corrQ«ion rates at a steam tcmpciature of 595* C (1100* F) do not increase with 
time, but tend to flatten out fn many of the low-alloy steels the rates were materially 
reduced^after 15,000 to 16,000 hours 


BOILER CORROSION* 

Max HccHTt W C SctiroehebI 

‘ E P pABTBIDGSt S F. WamLl) 

INTRODUCTION 

In the broadest sense, corrosion m a steam boiler is always the eame process, 
represented by the overall equation 

3Fe(«) 4- 4HjO(f or ff) — Fej 04 (») + (1) 

Fundamentally, from the standpoint of corrosion, a boiler is but a thin film of 
magnetic iron oxide supported b> steel, this oxide film is continually being damaged 
and repaired during boiler operation, with corresponding production of h>drogen 
Since the surface film of magnetic iron oxide is the major protection for the steel, it 
must be maintained m such a condition that it is least permeable'to water 
The bulk of the material used for the construction of boilers, boiler auxiliaries, and 
water and steam piping is plain caibon or low-alloy iron and steel ' The corroding 
medium m all ca«es water (both liquid and lapor) of purity ranging fiom distilled 
water haimg a condiictnity of le«s than one reciprocal microhm-cm to complex 
solutions of highh soluble salts The coirosiie behaiior of the water is often 
influenced by dissoh ed ga^es 
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The temperature at which corrosion is encountered varies from that of an idle 
boiler to the boiling point of saturated solutions in an operating boiler, which maj' 
be as high as 700° C (1300° F). A solution can exist at such a temperature, consider- 
ably above the critical point of pure water, 374° C (705° F). High concentrations of 
dissolved salts, however, occur only locally in boilers during operation.^ 

The mechanisms by which physical or chemical agents penetrate or destroy the 
film on boiler surfaces are essentially the same as those experienced at lower tem- 
peratures on less critical equipment * However, the rate of attack in boilers is greatly 
accelerated by the higher temperatures and pressures. In addition, the high heat 
transfer rates, locally attaining 200,000 Btu (sq ft)-i (hr)-i, tend to accentuate 
conditions for corrosion. 


FITTING-TYPE CORROSION 

Pitting-type corrosion is characterized by local attack of the metal in such a manner 
that a small cavity, called a pit, is produced in the surface. The shape of the pits and 
their distribution, both of which may vary widely, determine the appearance of the 
corroded area. Pits may occur within a pit, and vei-y frequently they are so close 
together that the surface is merely irregular. 

Identification of Pitting 

The identification of any particular type of corrosion is often difficult because 
several mechanisms may be acting simultaneous!}^, and the changes whic^occur when 
a high-temperature boiler is being cooled down and emptied may mask what hap- 
pened during service. Experience assists materially in recognizing and identifying 
pitting attack in boilers. For example, it has been noted that the, presence of black 
magnetic iron oxide in the pit or in the "barnacle” or “tubercle” built up over it 
is evidence of active corrosion.^ This observation is often used in studying the 
effectiveness of corrosion-preventive treatments. 

The oxide in these locations of active corrosion should not be confused with the 
black magnetic iron oxide carried in suspension by many boiler waters. It must 
be remembered that neither the total quantity of finely di;dded black iron oxide 
nor the quantity of hydrogen evolved in the boiler are reliable indices of the amount 
of corrosion taking place. Ferrous hydroxide from sources external to the boiler, 
such as the condensate storage tanks and surge lines, may account in part for both the 
oxide and the hydrogen. The ferrous hydroxide entering with the feed water is 
converted in the boiler according to the following reaction; 

3Fe(OH)2 — ^ Fe 304 -1- 2 H 2 O -f- Ha (2) 

* Although the eame factors, e.g., galvanic corrosion, may continue to operate at high as well as low 
temperatures, the overall corrosion by steam involves two distinct electrochemical mechanisms. Oxi- 
dation of iron, particularly at the higher temperatures, involves diffusion of iron ions through the contin- 
uous oxide layers covering the metal surface. Reaction with steam or oxygen then occurs at or near the 
outer oxide surface, which is the cathode of the operating cell. The entire iron surface in contact with 
oxide is the anode. 

This mechanism is distinct from that occurring largely at lower temperatures where molecular diffusion 
of water and oxygen takes place through a film of hydrated iron oxides, and where the anodes and cathodes, 
unlike the situation above, are located on the metal surface. See Fundamentals of Oxidation and Tarnish, 
p. 11. Enrros. 

^ R. E. Hall, Trans. Am. Soc. Mech. Engrs., 66, 457-488 (1944). 

^U. R. Evans, Metallic Corrosion, Passivity and Protection, p. 346, Edward Arnold and Co., London, 
1937. R. Stumper, Korrosion u. Metalhchuts, 3, 169 (1927). 
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Factors That Arrxcr Pittlng 

Impurities and Stress. Segregated impiinties or their 'ohd eolutions m the steel 
as well as stress either applied or residual are notable for their abilitj to form anodic 
areas In general pits are of ^ anoii^ mes and randomlj scattered hen 'tress is 
present the pits tend to align themsehes with the stres Tj-pical examples of this 
condition are found in fin tubes at the point where tl e fin has cracked and in the 
rolled m area (expanded porlionl ol boiler lubes (Fig 11 

Dissolved OxygeiL Probablj the greatest promoter of pitting Upe corroi-ion is 
dij-ohed ox\gen in tl e water At all temperature* and e^en in an alkaline 'olution 
it IS an acti\ e depolanzer In addition the conditions encountered in the boiler favor 



Fie 1 A Fu Fcrmed m a Boiler Tube at End of Expanded Portion of Tube 

the fonnaUon ol oirgen conceotralioo cells particularly under fcaJe or «Iudgc 
deposits where relstnelj" rtagnanl conditions exist The usual remedies iniohc 
remotal of oxygen throu^ znechaniraJ deseration of the feed water and chemical 
scavenging with eulfites or ferrous btdroxide or various organic reducing chemicals 
Pits imilar to the one «hown m Fjg 2 ma^ be produced bi on gen attack 
Dissolved Carbon Dioxide (Refer also to Corrosion of Steam Condensate Lines 
p oSS) Carbon dioxide becaci'e of the weakly acidie character of ita rolutioss ako 
tends to promote pitting m boilers An alkalme boiler water combats the aggressn e- 
ness of dissoh ed carbon diosade but the benefits do not extend info the steam space 
O' the condemate Imes Removal along with dis-olv ed ow gen bj mechanical deaera 
tion Is the uruaf remedr although creldbexilajmns has been recent!} tried lor 
control of corrosion in the rteam and condensate lines of heatmg systems < 
Deposits Very frequently pits are found under or along the penphery of deposits 
Eucb as mill 'cale boiler ®ludge boilCT «cale corrosion products and ml films It is 

*A.A.B«k.T S. Bnmn of Dep»rtn>«it of the Intenor R I 37»4. 
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common experience that once pittmg-type corrosion has started, unless the corrosion 
products aie removed, the process will continue. This localized corrosion is promoted 
by the cathodic character of the deposits with respect to the boiler steel or by 
depletion of oxygen under the deposits. 

Copper in Boiler Waters. When one considers the laige amount of copper alloys 
used in the construction of auxiliary equipment such as condensers, heaters, coolers, 
and pumps, it is not surprising that copper is present in most boiler deposits. (See 
Copper, p. 64.) Although generally found in the metallic state, it is sometimes present 
as the oxide. The amount of copper in a deposit may vary fiom a fraction of one 
per cent to almost pure copper. 

The significance of these copper deposits and their relation to the corrosion of 
steel in boilers is a controversial subject among water-treating authorities. Some claim 



Fig. 2. Pitting Duo to Oxygen Attack. 

that copper is but an innocent bystander in the corrosion process, others hold it to 
be a serious offender in piomoting pitting-type attack by acting as cathode to the 
steel of the boilei. Neither viewpoint has been substantiated by direct expeiimental 
proof. 

There aie numerous cases where little oi no coiiosion is encounteied although the 
deposits thioughout the boiler contain appreciable metallic copper. There is also 
some evidence that when copper and low-caibon steel are in contact with an alkaline 
boiler watei at elevated tempeiatuies the copper is attacked lather than the steel. 
For example, coppei ferrules aiound the ends of le-iolled tubes, and copper rivets 
and scieens in auxiliary equipment through which boiler water flowed have been 
almost completely eaten away, even at low boiler temperatuies In view of this 
experience, it has been reasoned that metallic copper does not piomote the corrosion 
of boiler steel. Instead, it is regarded as meiely the end pioduct of the reduction of 
cuprous oxide by nascent hydrogen resulting from local attack of the steel by the 
boiler water. 

Conversely, severe pitting of boiler metal has often been noted in the vicinity of 
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deposits abnormally rich in copper This observation has led to the theorj that 
copper IS functional in the corrosion process because copper is cathodic to the steel 
and thereby promotes the pitting action In boilers one is seldom dealing with metallic 
iron alone, but rather with a complex protectue coating consisting chiefly of iron 
oxide Where breaks occur m this coating it is quite possible that areas exi«t anodic 
with respect to copper which enhance pitting This condition may m some cases 
account for accelerated pitting once a small pit is started as Tiell as the severe 
pitting sometimes encountered following the acid cleaning of boilers 

Improper Care of Idle Boilers One of the most frequent causes of pitting tjpe 
corrosion m boilers is failure to care properlj for idle boilers An i^Ie boiler should 
either be kept absolutely dry or filled with water treated m such manner that corro- 
sion will not occur ater on the surface of a non operating boiler will absorb oxygen 
from the air and initiate pitting tjpc corrosion ThcNe piU are then focal points for 
further attack when the boiler is placed in sen ice The usual instructions for pro- 
tecting idle boilers aguiut corrosion are one of the following 

1 Dram the boiler while hoi (approximately 90® C [200® F]) Circulate air to 
insure complete drjing and maintain boiler in dry condition 

2 Fill the boiler complelelj with alkaline water (pH approximatelj 11) containing 
an excess of sulfite ion (approximate!} 100 ppm), and place under water or 
steam seal 

3 Fill the boiler completely with an alkaline chromate solution (approximate!} 
200 to 300 ppm CrOi) ® « 

In the chemical cleaning of boilers, it is obnous that the protectne iron oxide 
coating on the surface will be remo%ed in many locations During subsequent opera 
tion these areas ma} not heal proper]}, and eien in the absence of copper they ma} 
become focal points for pitting type corrosion Therefore immediately after the 
cleaning it appears adi isable to recondition the surfaces by an alkaline boiling out 
procedure similar to that u«ed for new boilers 


Economizeii Corrosion 

The statements made concerning boiler corro«ion are equally applicable to the 
economizer Howei er, the economizer being a once-through beater and being located 
ahead and independently of the boiler proper is especially -susceptible to pitting tyTe 
attack It is the fir«t high temperature surface to encounter the destructne action of 
dissohed oxygen in the feed water Furthermore the water pa'sing through it has 
normally a relatnely low pH lalue and is deioid of inhibiting chemicals 

The combating of economizer corrosion is based on the ^ame principles as are 
applied in protecting boiler surfaces, namely, mechanical deaeration of the feed 
water and treatment with alkaline and reducing chemicals In «ome cases treatment 
13 accomplished by recirculation of a porfiim of boiler nater through the economizer 
When this is done care mud he exercised to a\oid sludge deports m the economizer 
Consideration must al o be pien to the effect of «ucb recirculation on steam qualih 
m those instances where the boilere are equipped with scnibbing type steam purifiers 


5 R C Vlmer and J 'I Deeper Combusiwn 10 3 31 33 (1938) 

• Xlarc Damn Chromate OirroBion InhitMloramBuretalbcSjatems 


Ji\d.E<a Chem 37 741 (l&4o) 
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BOILER WATER TREATMENT* 

The formation and preservation of a protective film on metal surfaces is the 
primary objective of all corrosion-inhibiting boiler water treatments. The combina- 
tion of chemicals employed will depend on operating conditions, particularly the 
pressure, temperature, heat absorption rates, and quality of feed water; but in all 



Fig. 3. Attack on Steel at 310° C (590° F) by Water of Varying Degrees of Acidity and 
Alkalinity. (Curve by Partridge and Hall, based on data of Berl and van Taack.) 

cases treatment is founded on three rules: namely, keeping the boiler water (1) 
alkaline, (2) free of dissolved oxygen, and (3) maintaining clean heating surfaces. 

The effect of acidity from hydrochloric acid and of alkalinity from caustic soda 
on the corrosion rate of steel at 310° C (590° F) is shown in Fig. 3. It is evident that 
caustic soda confers maximum protection at pH values between 11 and 12. In practice, 
with complex boiler waters, a pH value in the vicinity of 11 has proved most satis- 

* Papers on this subject may be found in the Transactions of the American Society of Mechanical Engi- 
neers since 1926. For recent trends in modes of chemical treatment, and in apparatus, the reader is referred 
to the Proceedings of the Engineers' Society of Western Pennsylvania, Pittsburgh, Pa., special publica- 
tions of the Annual Water Conferences, published annually since 1941. 

Committee D-19, on Water for Industrial Uses, has prepared the following methods for Water Analysis, 
and additional methods are in preparation. These methods are published in the current issue of the Book 
of Standards, issued by the American Society for Testing JIaterials, 1916 Race Street, Philadelphia, Pa. 

"Total Carbon Dioxide, and Calculation of the Carbonate and Bicarbonate Ions in Industrial Waters, 
Determination of." D5I3, Book of Standards, Part 3-B. 

“Tendency of Boiler Water to Cause Embrittlement Cracking of Steel, Field Test for." D807, Bonk 
of Standards, Part 3-B. 

"Hydroxide Ion in Industrial Waters, Determination of.” D514. Book of .Standards, Pari 3-B. 
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factory For boilers operating below 250 psi the pH is usualb maintained between 
110 and 115 For higher prc«sure«, because of the increased po'ssibility of metal 
attack as a result of faulty circulation and local concentration of solution the 
operating range is usually between pH 105 and 110 
For Ecaxengmg residual oxygen, the chemicals preitou*!} mentioned (sulfites 
ferrous hydroxide and organic reducing materials) are widely used Although iron 
compounds are ofTectne scaiengers they yield a sludge that may be objectionable 
with high heat transfer rates The organic rc<lucing materials bocaii'C of their 
instability at high temperatures, are generally not recommended for boilers operating 
above 500 psi Decomposition of sulfites has al o been reported at the higher tern 
peratures’ but their use m low concentrations is quite common m boilers operating 
up to 1400 psi Many high-pressure plants operate without pcaienging chemicals 
M hile decidedly ad\ antageoU'j the t.o«t of specially designed deaerating equipment 
cannot always be justified for «mall plants operating at relatnely low pressures At 
pressures below 200 p«i partial deaeration by means of feed water heaters capable 
of reducing the oxygen content to approximately 07 ppm has been found to be moie 
practical in many cases At these lower boiler pressures reducing chemicals appear 
to be quite effective m preventing oxygen attack of boiler metal eopecially when 
the pH of the boiler water is above 11 and the scavenging chemicals are added 
•sufficiently far from the boiler «o tbit the oxygen is consumed before the water 
enters the boilers ® 

CORROSION B\ CONCENTRATED BOILER WATER 
Experience has shown that a low concentntion of the order of 100 ppm of sodium 
hydroxide m the boiler water helps to maintain the oxide coating of the steel in a 
condition which affords maximum protection higher concentrations developed 
locally may, however can e «erious corrosion This increase m late of reaction n 
illustrated by Fig 3 ° ba«ed on experiments with iron powder m contact with 
solutions m a bomb at 310* C (590* F) 

The regions in a boiler where tbe de irable Iow-cxu«tic content of the normal boiler 
water may be concentrated to a damaging degree are generally characterised by high 
input of heat m relation to circulation of water pa':t the heated surface The con- 
centrating film may be produced in v anous regions but the resulting corro ion occurs 
generally as a band or elongated area of attack sometimes clean, sometimes filled 
with hard, compact magnetic iron oxide 

Horizontal or slightly inclined tubes subjected to inteme radiation from above 
tend to be corroded internally along the top, as illustrated by the cro s section shown 
m Fig 4 Attack of this type has been produced experimentally by Straub H Several 

Dissolved Oxygea in fndusCnal IV awrs Methods of T»it for DSA8 Book o/ ^titiulnrcU Part d B 
pH of Aqueous Solut ons with the Claw Electrodes Method for the Detern ination of E70 Baal 0 / 
Xtandardt Part 2 

Total Orthophosphate and Calculalwm of the Respective Orthophosphate Iona m Industrial Waters 
Deternunation of Dolo Boot 0 / Slnmiordt Parts B 

^R E Hall Tran* Am Sac Mech. £nar» 66 457-488 (1944) 

• R M Hitchens and R. W Towne Proc. Am Soe Tetttne MatmaU 36 Part II 687-696 (1936) 

* E Betl and F van Taacl£4 Forschungsarberten auf dem Cebiete des Ingen eureesens Hf/t 330 

p^ndgeandR-F Hall Tram Am Soe. Ve<A Engrt 61 597-622 (1939) discussion 62 
711 717 (1940) 
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cases of damage of this kind to tubes in high-capacity boilers have been described 
by Partridge and HallA® 

Tubes in which circulation is uncertain or inadequate under high load may suffer 
general attack in a band along the bottom, sometimes with more pronounced loss of 
metal along the fluctuating water level at either side. Heavy accumulations of 



Fig. 4. Groowng of the Ceiling of a Slightly Inclined Slag-Screen Tube. 

The development of a more or less continuous band of steam along the strongly heated top of this tube 
caused overheating of the steel and attack by the concentrated film of boiler water for a distance of several 
feet. 

magnetic iron ovide, sometimes loose, sometimes cemented together into hard 
masses, are frequently found covering the corioded areas. Figure 5 is an example. A 
less common type of damage which leads to failure without appreciable deformation 
of the tube is illustiated in Fig. 6. 

The attack is often acceleiated by overheating of the steel. This may result from 
the blanketing of the top of an inclined tube by a band of steam. Steam blanketing 
may also develop in veitical tubes subiected to very high heat input, as has’been 
indicated by the tempeiaturc measurements of Davidson and his associates'^ on 
an experimental tube in an operating boiler. A i epresentative series of their "data 
showing this effect is repioduced in Fig. 7. Limited regions of overheating in dlean 
veitical tubes with normal temperature above and below the “hot spot” probably are 
caused by film boiling. This is a condition analogous to that of a drop of/water on 
a very hot griddle, separated from the metal suiface by a continuous insulating film 
of steam. 

Every time that a bubble of steam forms at the surface of a boiler tube there must 
be some slight local inciease in the temperature of the underlying metal. HalFs has' 

W. F. Davidson, P. H. Hardie, C. G. R. Humphreys, A. A. Markson, A. R. Mumford, and T. Ravese 
'Tron^. Am, Soc. Meek. Engrs., 66, 553-591 (1943). 

R. E. Hall, Trans. Am. Soc. Mcch Engrs.^ 66, 457—188 (1944). 
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pointed out that concentration of boiler water must result at the interface created 
by the bubble forming in contact with the water and the heat transfer surface. Figure 
8 indicates that even an increase of only a few degrees in the temperature of the film 
of water in contact with the metal and with the expanding bubble will result in a 
caustic content measurable in percentage rather than in parts per million. The 



Fig. 7. Evidence of a Hot Spot in a 50-Foot Vertical Water-Wall Tube. 

This figure represents the elevation in temperature of the outer surface of the boiler tube above the 
temperature of the main body of boiler water. The thermocouple measurements show a short region of 
severe overheating, presumably because film boiling produced a nearly continuous blanket of steam on the 
tube surface. Conditions both above and below the hot spot are norm.al. 

concentrating film resulting from the formation of each bubble affects only a very 
small area of metal for a very brief period of time. Nevertheless, the cumulative effect 
of a high rate of steam generation on a heat transfer surface maj'^ be equivalent to 
continuous exposure of the hot steel to a corrosive caustic liquor, even though the 
main body of boiler water contains but a few parts per million of hj^droxide. 

Several ways of meeting the problem posed by local concentration of sodium 
hydroxide at heat transfer surfaces have been tried. A means of reducing the tendency 
of the concentrating film to attack the boiler steel even when some hydroxide is 
present in the boiler water has been suggested by Hall.is In brief, this involves ' 
maintaining a neutral salt, such as chloride, in the boiler water in an amount that is 
high relative to the amount of hydroxide.* The most obvious method is not to have 

• It has been reported by Berl and Van Taack and by Straub (see footnotes 9 and 11 on p. 526) that 
attack of iron by caustic soda solutioia at elevated temperatures can be inliibited by various neutral sails 
Consult JroH nj}d Steel, p. G3R. 
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Fic S Cftusbc Content \ttnmable in Conrentralinc Film of Boiler \\ ater CBa!<ed on 
data from International Critical Tallies 3 370 [192SJ ) 

^Vhen the temperstve of the film of aacer at the beat transfer eurfaee eieceda the temperature of the 
nain body of the boiler vater by oni) a small ealue of AT a relacit e]> hush eoneentraiion of aodium h) droi* 
ide can deralop in tbe film. This euire approxiuatee ibe bmitinc equilihnum in a »r lution oontaining only 
sodium hydroxide the precise taluee depend simeabat on boQer pressure 



PO4 CONCENTRATION, PPM 

Fig 9 Eelation of pH Values to Tn.-^)dium Phosphate Concentration. 
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any sodium hydroxide in the boiler water. This can be accomplished by the coordi- 
nated phosphate-pH control method of Purcell and Whirl, using the curve illustrated 
in Fig. 9. This provides what has been termed captive alkalinity , that is, alkalinity at 
a level corresponding to that of alkali phosphate with no excess caustic present. 
Although a boiler water conditioned in this manner will exhibit a high pH, it may 
be concentrated without increasing the concentration of hydroxyl ion appreciably. 

It must be remembered that elimination of sodium hydroxide means only that 
one accelerating factor in the corrosion process has been removed. With a boiler 
water substantially free of sodium hydroxide, tubes subject to steam blanketing may 
still colTode, although at a slower rate than if caustic soda were concentrated to a 
high degree on the metal surface.^^ 

A mechanical solution to the problem is currently being sought by boiler designers. 
At the same time, there has been a continuing tendency to crowd more and more 
heat through each square foot of tube surface, which tends to intensify this type of 
attack. 


EMBRITTLEMENT IN BOILERS* 

Embrittlement can be defined as a type of cracking occurring at riveted joints or 
other areas in a boiler where contact between metal surfaces permits the accumulation 
of concentrated solution and where the metal stresses are high. Trouble of serious 
proportions in steam boilers has been almost completely confined to the riveted 
joints. This has occasionally led to an explosion, and frequently to heavy replacement 
costs even on relatively new boilers. One American railroad has reported cracking 
in as many as forty locomotives a year, with estimated annual repair costs running 
up to S60,000. 

Embrittlement has been found also in rolled tube ends, tube ligaments, headers, 
and threaded pipe connections. Many of these cases have been troublesome, but they 
are not generally so dangerous or so costly as failures in riveted seams. 

Stress Necessart for Embrittlement 

The experimental evidence shows that there is little likelihood of embrittlement in 
ordinary boiler steel imless stresses above the yield point have existed. The stress 
created by the steam pressure or uniformly distributed structural load has only slight 
bearing on the cracking. On the other hand, stresses created by rolling the plate to 
form the drum, distortion during riveting, or any cold work which causes permanent 
deformation can create the necessary stress conditions for cracking. 

The existence of external applied stress is not necessary to cause cracking. A bar 
of boiler steel given a permanent set by bending with a stress applied and then 
released can be cracked in an alkaline solution such as might result from concentra- 
tion of a boiler water. 

Concentration of the Boiler Water 

Caustic concentrations existing in the boiler drum will not cause embrittlement 
cracking because under normal conditions there would be less than 1000 ppm of 

* This section is published by permission of the Director, Bureau of Mines. 

T. E. Purcell and S. F. Whirl, "Embrittlement Symposium," Trans. Am. Soc. Mech. Engrs., 64 , 397- 
402 (1942): Proc. Third Annual Water Conference, Engineers’ Society of Western Pennsylvania 45-60 
(1942): Trans. Eleclrochem. Soc., 83, 279 (1943). 

M. K. DrewTy, Combustion, 9, 8: 18-24 (1938): anon., 11, 7:33-34 (1940). ■ 
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NaOH The minimum concentrations necessary to cau<!e embnttlement are appron 
mately 100 times this \alue 

These ^erj high concentrations may be attained by extremely slow diffusion of 
boiler water out of a meted seam or other joint m the manner represented in 
Fig 10 As the boiler water passes point A the pressure drops rapidly toward 
atmospheric and the heat m the metal and liquid will cause e\ aporation to produce 
a concentrated solution Ultimatelj salts such as «odium sulfate and sodium chloride 
crjstallize from the solution It is this mechanism that causes the formation of solids 
outside moat meted boiler eeams The most dangerous leakage la probably one which 
cannot be easilj observed but which leases the deposit of solid within the meted 
jomt where the residual «tre ca are high The combined action of stress and con 
centrated solution can result in embrittlement cracking 


ATMOSPHERIC PRESSURE 



BOILER WATER AT HIGH TEMPERATURE 
AND PRESSURE 


Fig 10 Greatly Magnified Diagram of a Leak Showing Concentration 
Mechanism 


EsiBRnTLEMEXT DETECTOR 

The embrittlement detector has been developed to permit the concentration of 
boiler water on a stressed steel specimen in the same manner in which it may occur 
in a n\eted seam If the specimen cracks the boiler water is one that can cau'e 
embrittlement and treatment of the water to eliminate this characteristic may be 
necesaary Cracking of the specimen does not mean howeier that the boiler is 
embrittled or will be embnttled since m tbe metwi "earns or other joints proper 
conditions of leakage boiler water concentrahon and "tress maj not exist "iraultane 
ouslj as they do m the embrittlement detector 

The embrittlement detector as illustrated in Fig 11 is "uitable for attachment 
directly to the boiler^" and permits differentiation between boiler waters that are 
capable of producing embrittlement cracking and those that are not as well as 
testing methods of chemical control to ehminate embrittlement tendencj The le't 

H F G Straub and T A. Bradbury have also deaeribed a method of concentration that seetrs to de- 
pend on evaporation aea nst the boiler pressure ifeA Eng 60 371 376 (1938) 

See Tentative Standard DS07 A S T \I BmI of Standards Part IIIB 
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srtciAL lopicb ii\ conuoiyioh^ 


■show that the embnttled steel contains a hone5comb of fine cracks which do not 
cut across the grams of the metal but follow the gram boundaries The difference 
between this tjpe of mteigranular cracking and a torios.iDn fatigue crack in boiler 
metal can be «een readilj comparing Fig 12 njth Tig 13 



Fio 13 CorrosioQ Fatigue Crack IQ Itoilcr Steel Etched XlOO 


In allo3 Steel such as the low nickel or mIicod uianginese teeU used in locomotuc 
boiler construction the cracking retains lU honeycomb or network appearance but 
IS distmctb less intergranular than it is in ordinary boiler steel 

Theory of Lmbrittlement Cracking 
The present best explanation for embndlement cracking depends upon the hetero 
geneous nature of the steel structure The current \ lew of phj sical metallurgists indi- 
cates that grain boundary atoms are attached to cr\ tala of different orientation and 
may be maintained m position bj atomic force lines di torted from their normal posi- 
tion It IS possible, therefore, to Tcmoie such itoms from their strained po ition more 
easily than to remo%e atoms from the boih of a cr\ ta! Careful adjustment of the 
corrosne actnitj of manj solutions would be expected to produce this selectuc 
remoxal of gram boundary atom® and it has been found expenmenlallj that acid 
solutions neutral solutions (aided bj a small electric current to create corrosne 
conditions), and concentrated alkaline solutions can came mtercrjstallme cracki 
If a solution that produces general overall corrosion j-. modified by adding a 
chemical that tends to protect the ciyatal face the general actmt> at the«e eur 
faces may be reduced and corrosion fiicused on the boimdary atoms 
The corrosne agent 'o far is embtittlement nf hoilei-s is concerned is 'odium 
hydroxide Sodium «ilicate appears to be the ma/or chemical (hat can act to protect 
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the crystal faces and leave the grain boundaries exposed. The balance between these 
corrosive and protective effects depends upon many factors, such as concentration, 
temperature, metal stress, and the presence of other chemicals. 

A colloidal explanation of embrittlement has been proposed by Tajc.^o Zapffe has 
attributed embrittlement to the action of hydrogen at high temperatures.^i His paper 
includes a comprehensive bibliography. 

Protection against Embrittlement 

• Protection from embrittlement may be obtained by using welded drums to elimi- 
nate leakage (this has also been done in some cases with tube ends), by using a steel 
resistant to intercrystalline cracking, or by chemically treating the boiler water so 
that it will not cause cracking.22 In riveted boilers now in service, the latter method 
is the only one that can be used conveniently. It is believed that tests under controlled 
conditions, such as those in the embrittlement detector, are the best way to establish 
the effectiveness of protective agents. 

Sodium sulfate does not prevent cracking of embrittlement detector specimens. 
Sodium nitrate has been used successfully to prevent cracking in detector specimens 
at pressures up to 750 psi.* It is now in e.xtensive use in stationary boilers with 
concentrations maintained at about 20 or 30% of the sodium hydroxide alkalinity. 
Figure 14 shows how effective this salt has been in eliminating cracking in locomotive 
boilers on one American railroad. 

Crude quebracho extract, obtained from South American trees of the same name, 
is effective in preventing cracking of detector specimens. The protection afforded bj' 
this material does not seem to be quite as certain as that offered by sodium nitrate, 
which may be due in part to difficulties in analysis and control. Quebracho is now 
in extensive use to prevent embrittlement as well as to help retard corrosion and 
formation of scale. 

Since caustic soda is the primary chemical responsible for embrittlement, its 
elimination from the boiler water is the most obvious method of controlling cracking. 
This can be done by the method of Purcell and Whirl .23 This, as well as methods for 
reduction of concentration, are discussed in this chapter, page 526, under the heading 
“Corrosion by Concentrated Boiler Water.” 


SUPERHEATER TUBE CORROSIONf 

The corrosive attack on the internal surfaces of superheater tubes results primarily 
from the reaction between the metal and steam at high temperatures and to a lesser 
degree from carryover of boiler water salts into the steam. In the latter case, high 
concentrations of sodium h 5 ^droxide may develop on the metal wall, permitting direct 
chemical attack, or deposits maj^ bake on the tube wall that give rise tp, blistering. 

* Concentrated nitrate solutions boiling at atmospheric pressure may cause stress corrosion cracking 
of mild steel. Refer to effect of stress on corrosion of iron, p. 137, and effect of nitrogen, p. 140. Editor. 

t Acknowledgment is made to C. H. Fellows, Research Department, Detroit Edison Co., Detroit 
Mich., for assistance in preparing this section. , 

^°.T. A. Taio, Proc. Am. Soc. for TesHng MaieriaU, 37, Part II, 588-599 (1937). 

C. A. Zapffe, Trans. Am. Soc. Meek. Bngrs., 66, 81-117 (1944) 

^ Symposium on Caustic Embrittlement, Trans. Am. Soc. Mech. Engrs., 64, 393-444 (1942), 

T. E. Purcell and A. F. Whirl, “Embrittlement Symposium,” Trans. Am. Soc. Mech. Engrs., 64, 393- 
444 (1942); Proc. Third Annual Water Conference, Engineers’ Society of Western 'Pennsylvania, 45-60 
(1942); Trans. Eleclrochem. Soc., 83, 279 (1943). 



Sl^ECIAL lOPICS /iV CORROSION 


With the boiler banked or out of service, and with steam condensed m rclativelj coir! 
superheaters, pitting inav doiclop because of dissolved oxygen and carbon dioxide 



FiQ 14 Record of Locoinotiie Cracking withm a Large American Railroad 

Corrosion bt High-Teuperature Stbaai 
Refer to the chapter on tin® subject, p 511 

Htdrogen as a Measure or Rate of Attack 
Steam temperatures in modern boilers are approaching tho«e once used m the 
commercial production of h> drogen by the direct reaction between steam and iron 
(See Eq 1 ) 

Fellows in his initial investigation to determine rate of attack by steam on carbon 
and alloy steel tubes heated to 650’ C (1200’ F) collected the hydrogen evoh ed by 
the reaction 24 Several operating compame® determine the rate of hj drogen evolution 
from bovler water as an approximation of overall corrosion specifically that resultmg 
from steam blanketing m the generating tubes In recent years, three miniature 


C H Fellows J Am. ’Water Worki Aim ,11 W 1373-1387 (1929) 
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degassing or deaerating units have been used in power plants in this country.* Vir- 
tually complete extraction of all gases is secured with these units and the gas-freed 
condensate is available to determine the salts dissolved therein as an indication of 
salt impurities carried in the steam. 

An approximation of overall corrosion in the superheater during operating runs of 
the boiler may be secured by observing the difference in hydrogen concentration 
obtained by analysis of samples extracted from steam entering and leaving the 
superheater. 

CoBROsioN Due to Impurities in Steam 

The saturated steam entering the superheater elements carries in it very small but 
measurable amounts of gases and boiler water salts. The more generally detected 
gases include oxygen, ammonia, and carbon dioxide. These gases pass through the 
superheater without discernible change in concentration. Little, if any, corrosion 
of superheater metal has been attributed to them. 

It has not yet been demonstrated that the boiler water salts, when dried and 
deposited on the superheater element, contribute directly to corrosion of the metal. 
However, sodium hydroxide, when a major constituent of the entrained boiler water 
salts, may contribute to corrosion of the highly heated element, especially if this 
substance adheres to the wall of the metal. (See Fig. 4 and discussion under “Corro- 
sion by Concentrated Boiler Water,” p. 526.) 

The purification of saturated steam by removal of gases requires effective deaeration 
of the boiler feed water.! Reduction in the amount of boiler water salts carried with 
the saturated steam requires effective baffling in the steam off-take drum, the use of 
mechanical separators, the washing of the saturated steam with feed water, or adjust- 
ments in the chemical treatment of the water. Various systems are in operation. 

The estimation of the quantity and character of the gases carried in the saturated 
steam may be secured by utilizing the apparatus mentioned above for the sampling 
of the steam and analysis by appropriate methods. The estimation of the amount of 
boiler water salts carried in the saturated steam may be most conveniently made by 
utilizing electrical conductivity procedure or, if desired, by the evaporation of a 
large volume of condensed steam. Hecht and McKinney^® suggested refinements of 
the conductivity procedure, applying corrections for some of the dissolved gases. The 
steam condensate secured in the operation of the above-mentioned miniature degasi- 
fying units offers a convenient supply for measuring the electrical conductivity. 

Steam Condensation in Superheaters 

The superheater functions as a condenser when the boiler is banked or out of 
service. Typical underwater pitting may occur if oxygen or carbon dioxide has access 
to the- steam condensate and is dissolved therein. This reaction has been discussed in 
the preceding paragraphs under “Dissolved Oxygen” and “Dissolved Carbon Dioxide.” 

* They include ihe I-^Uiott Company Tray-Type Unit, the Cochrane Corporation Atomizing Degasifier 
Unit, the Straub and Nelson Degasifier. P. B. Place, in his paper, "The Degasification of Steam Samples 
for Conductivity Teats” [Symposium on Problems and Practices in Determining Steam Purity by Con- 
ductivity Methods, Proc. Am. Soc. for Testing Materials 41 , 1302-1313 (1941); includes extensive bib- 
liography) shows illustrations in Figs. 3, 4, 5, respectively. 

t Deaeration and deactivation are discussed beginning p. o0(i. 

“ Max Hecht and D. S. McKinney, Trans, Am. Soc. Mech Engrs., 63, 139-159 (1931). 
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CORROSION OF STEAM CONDENSATE LINES 
Leo r Collins* 

This chapter deals with corro'^ion of the internal surfaces of steam condensate 
lines Except in «!pecial cases such lines are of low-carbon steel and operate at 
temperatures below 120“ C (about 230* F) They are found m steam power plants 
certain process industries, and in the bteam-heatmg sjatems of buildings 

Nature of the Problems Presented 

Corrosion of the internal 'surfaces of steam condensate lines presents two general 
t>*pes of problems (1) tho'C onginated b> plugging of small lines with insoluble 
deposits and (2) pitting or grooiing of the pipe walla 

The insoluble material originated bj corro'ion, which plug condensate lines, t are 
not alnaja found at the «pot where the metal was attacked but, frequentlj down- 
stream m the 83stem Thus, although lhe> are an indication of corrosion upstream 
thej do not indicate the rate of attack, since such depo-its mas or may not be an 
accumulation Inianabls, the\ consl^t of the oxides and hsdrates of iron, and an 
analjsia will, therefore «er\e to differenli ite between a depo-it resulting from cor- 
roMon and extraneous insoluble matter which, at times, also causes plugging 

D\S1C C\L»Lb lOU CORROSION 

Di«'Ohed oxjgen and carlionic acid iccount for practicalls all the corrosion Jn 
condensate lines Ujdrogen «ulhile and sulfur dioxide are known to hiic caused such 
trouble, but tho-c ga«cs uc rarcl> encountered 

0x1 gen \ttack 

Corro«ion accelerated b\ oxigen is tipified b\ the presence of reaction product* 
which, when remoied, di«clo«e a roughened «nrface In some ei«es pits are formed 
which are partlj or completelj filled with reaction products In other cases the entire 
surface may be uniformly co\ercd with corrosion products When an examination 
of a deposit shows it to be gelantinous in texture and of a tan-to-red color, pitting 
of the supporting metal is un!ikel> When onl> the outer skm of a deposit is of thi< 
texture, and the remainder is grecn-to-black and more or less ci3>-talhne, actne 
corrosion of the supporting metal may be expected 

Measurements made in the condensate lines of the steam heating sj “stems of about 
twentj -fi\ e large office buildings* indicate that when the temperature is below about 
70“ C (160“ F) and the pH of the condensate is 6 or higher, oxjgen concentrations 
below 0 5 ppm cause negligible corrosion In the pH range 6 to 8 and at 0x3 gen 
concentrations within the range 05 to 4 ppm (approximate^ ), the rate of attack 10 
gi\ en by the equation 

i?»=24(C-04)o» 

where R = aierage rate of penetration m mdd, C — 0x3 gen concentration of the 
conden'ate m ppm 

• Cbemical Engineer. Detroit Mich. 

f OccsBonally. eondeosate lines are plugged with extraneous matensJs Je/t la the gysteta dunng con 
struction. 

1 L. F Collins and E. I* Henderson, Utntwg Ptpmg, Air Canditioninff It (‘’eplember to December 
1939), IS (January to May, 1940) 
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This equation does not take into consideration a pitting type of corrosion wherein 
the rate of penetration is invariably much higher than the average rate of penetration, 
nor does it take into consideration the accelerating effect of temperature. Laboratory 
tests^ indicate that an increase in temperature from 60° C (140° F) to 90° C (194° F) 
about doubles the rate of corrosion by oxygen. 

Carbonic Acid Attack 

Corrosion caused by dissolved carbon dioxide is characterized by clean surfaces. 
The attacked surfaces are uniformly thinned below the water line and, in many case.-^, 
exhibit a bright metallic sheen. Measurements made in laboratory experiments-^ 
showed the rate of attack to follow the equation; 

R = 5.7TJ^o.g 

where R — corrosion rate in mdd, 

W = weight of CO 2 , contacting the test specimen, in pounds per hour 
X 100,000 (equals ppm of CO 2 in condensate X pounds of condensate 
flowing per hour X 0.1). 

To what extent this equation holds in actual practice has not yet been definitely 
established. It does not take into consideration the accelerating effect of temperature. 
Laboratory tests^ indicate that raising the temperature of a carbonic acid solution from 
60° C (140° F) to 90° C (194° F) increases the rate of attack on low-carbon steel by a 
factor of 2.6. 

MECHANISM OF SOLUTION OF DELETERIOUS GASES 

The amount of oxygen and carbon dioxide which will dissolve in condensate undei- 
equilibrium conditions is directly proportional to their partial pressures. The solubility 
decreases with increase in condensate temperature. It is important to remember, how- 
ever, that in steam-condensing equipment, it is not always possible to predict accu- 
rately when equilibrium has been attained. Experimentally^.^ it has been demonstrated 
that in units operating at high condensing rates the ratio of non-condensable gases to 
steam is much higher in the vapor space of the unit than in the steam supply line. 
It has been shown, also, that in the vapor space of conventional types of equipment 
a gradient mixture of steam and non-condensable gases occurs, with the highest con- 
centration of gas being at the vapor condensate interface. It is the partial pressure at 
the interface which determines the amount of gas dissolved in the condensate leaving 
the equipment. 

These observations explain why in actual practice the condensate lines from con- 
densers which operate at high condensing rates for long periods of time on badly 
contanunated steam are often seriously corroded. Water heaters, unit (space) heaters, 
, blast coils, and condensers in certain process industries are most often so affected. 

Condensers which operate at low condensing rates usually produce condensates 
whose gas concentration is less than in the incoming steam, owing to the escape of 
undissolved gas into the condensate line. In the condensate line, a progressive increase 
in the gas content of the condensate may occur as the condensate chilis, and air may 
be sucked into the line, thus increasing the oxygen content of the condensate. 

- G. T. Skaperdas and H. H. XJhlig, Ind. Eng. Chem, 34 (No. 6), 748 (1942). 

® L. F. Collins, Power Plant Eng., 48, 88-89 (March. 1944). 

■* L. F. Collins, Heating, Piping, Air Conditioning, Joximal Section, 17, 36-41 (January, 1945). 

® D. S. McKinney, J. J. McGovern, C. W. Young, and L. F. Collins, Heating, Piping, Air Conditioning, 
Journal Section, 17, 97-104 (February, 1945). 
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4^ hen CO2 is iirtuahy the onb pre-cnt, tlieie 1- a progre^'no increase in the 
iron content of the condensate as well as in the COj content as progre^ 1? made 
downstream in the sjstcm The iron content more than offsets the CO2 content, as 
IS attested by a progres.sne increase in the pH of the condensate Thus, where ferrou-, 
lines are imohed, the caidences of corrosion (thinning of the pipe walls) becomes 
less pronounced as progreos is made downstream lien CO2 is airtualh the only gas 
prc'ent m the steim but com-iderable inicakage of air occurs m Che condensate 
lines, deposits of iron oxide are usually found immediately following the point of air 
infiltration 

In condensers which operate cyclically or under >acuum, such as m the steam- 
heating systems of many buildings, the purging action of the incoming air (through 
leaks or purpo-eh admitted through \acimm breakers) or the suction of the lacuum 
pump remoies considerable CO^ from the -ystem but simultaneously’ brings about a 
higher oxygen content in the condensate than otherwise would occur As a result, such 
systems are characterized by oxygen corrosion, but e^en so corrosion troubles in such 
systems are not so frequent as in systems operated under positne pressure 

PRE\XNTION or CORROSION 

Because of an imperfect technology' and the prohibitne co«t of re*i«t8nt matenab 
corrosion in steam condensate lines cannot be entirely preaented, but more can be 
done than 13 generally appreciated At pre«ent four different expedients are usually 
considered when corro'ion troubles present thetnscbca 

1 Treatment of the boiler feed water so as to mmimue the amount of deleterious 
gases entrained with the steam 

2 Improa ed destgno of condem-ing equipment to minimize <olution in the condensate 
of the deleterious ga-es entrained with the eteam 

3 Chemical treatment of the condensate 

4 U«e of corrosion-rcMStant metals or alloy’s 

Boiler Feed Water TREaTitEST 

Almost complete elimination of ox\gen from boiler feedwater and, therefore, from 
the steam dei eloped can be accompli-'hed with the better ty pes of mechamcal equijv 
ment now aaailable Where the «mall residuals ate of concern, they are usually dis- 
sipated by chemical means (Sec ZJrnctii nfion and Deaeration oj ll’afer, p 506 ) 

^\Tiere boilers of indu«tnal proportion are required to u. e make-up water that is 
initially carbonate bearing, the production of a CO«-free steam upon a coromeraal 
basis IS an undertaking that should be attempted only when better than a\ erage talent 
IS aaailable 

Tests haae indicated'* that m low-pre'-ure heating boiler', where the boiler input 
contains less than about 50 ppm of carbonate hardness, the CO2 m the steam can be 
controlled by’ adding calcium hx droxide to the boiler In Fig 1 is ®bown the equilib- 
rium conditions proposed for boilers operating at pressures up to about 5 p*i gage 
pressure This expedient is hardly practical in higher pressure boilers because of the 
possibilities of scale and sludge formations In thc«e boilers, the method usually' u«ed 
consists m (1) remo\’ing the alkaline earth salts, (2) subsequently acidulating to a 
residual carbonate alkalinity' of 0 to 5 ppm, (3) followed by aeration at room tem- 
perature, and then (4) deaeration at temperatures near the atrao«pheric boiling point 
of water 

*F K Speller, JVan*. An See Heaiing VrtaSahnff Ener* 195 (1928) 
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Design of Condensing Equipment 

It has been demonstrated that in the design of water heaters and comparable types 
of condensing equipment, it is possible to shift the accumulation of non-condensable 
gases to a location away from the condensate level and, subsequently, vent these 
gases to the atmosphere. Both theory^ and experimentation^ indicate that venting 



Pig. 1. Relation of Hydrate /Carbonate Content in “Hard” Boiler Water and COi in Steam 
at Operating Pressure of about 5 Pounds Gage. All Analytical Values Are Ppm by Weight. 

an amount of steam equal to about %% of the total steam entering the condenser 
is the optimum vent rate for minimizing CO 2 in the condensate. How to dispose of 
the vented steam is a problem which must be soh'ed upon the basis of local 
conditions. 

Apparently, venting as a corrosion control expedient is of little practical value 
when the CO 2 content of the incoming steam is below about 5 ppm. When the steam 
contains more than 5 ppm, venting provides a means of producing a condensate 
containing a minimum of about 3 ppm. However, even as little as 3 ppm of dis- 
solved CO 2 may produce active corrosion if large amounts of condensate are flowing. 

Chemical Treatment of Condensate 

Condensates containing comparatively large amounts of oil, such as are present 
in the exhausts from reciprocating engines, are practically non-corrosive. This is 

^ E. W. Guernsey, Trans, Am. Soc. Healing VenlUating Engrs.f 51 (1945). 

® D. S. :McKinney, J. J. McGovern, C. W. YounK. and L. F. Collins, Healing, Piping, Air Conihlioning, 
Journal Section, 17, 97-104 (February, 1945). 
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ascribed to the protective film provided by the oil Tc'tsO made with oil mtentionallj 
added to condensate show that inadequate quantities may accelerate rather than 
deceleiate corro-sion on those Eurfaccs not covered b5' the oil 
Sodium silicate added to COa-bearing condensate has been shown to decrease but 
not entirelj pi event corro-iive action The protection affoided bj silicate ‘'olution.-* 
ma> be due to the establi'hment of a piotecUve film on the metal surface or to 
neutralization al COj bj the alkaU in the silicate solution, or both 

It has been postulated that ammoma*® c>clolie\y)ammc,*^ ethjlenc diamme, and 
morpholine^- will retard corroMon of condensate lines, but no dnect measurementi 
of their effectiveness have, as vet, been published here copper and its allojs are 
laiohed the U'e of alkaline inhibitors is behei cd inadvisable ^Ihcre ferrous metaK 
are involved, sodium hexametaphosphatc is not regarded as an effective inhibitor 
where the condcns-ite contains high loncentrations of CO_» and ovi>gpn IVhether 
chemical treitment of steam or londcnsatc is feasible mii«t be determined not onh 
upon the basi> of the nnitene-* of torro'ion tioubJe- but also u7>on the uscs to whuJi 
the steam or condensate aie pul 


COMPARATIVE CORROSION RATES MEASURED 


BESSEMER STEEC 
REO BRASS 

RHOSPHORIZEO COPRER 
phospnorized admiralty 

ARSENICAL ADMIRALTY 
ARSENICAL COPPER 
CUPRO MCKEl. so 20 
TIN- COATED COPPER 
STAINLESS STEEL 18 9 
INCONEL <90-13 6 Nl CR FE) 
ALUMINUM 



■I COILED SPECIMENS I — 1 ONCOnEP SPECIMENS | UNMEASURABLE VALUES 

Fiq 2 Average Test Conditions (Measuied with N D H \ corrosion tester ) 


Average Uj roiieentrali >n of ct ndens ite 
Average CQi cunccnirati >n of condensate 
Average pH v slue of cniuiensate 
Average temperature of condensate 
A\ erage flow of condensate ov er teat specii 


— 4 a ppm (3 2 nil/1) 
“ 14 ppm (9 8 ml/U 

= W C (13o’ 1 ) 
eus oO 1b hr 


UbE OF REblSTVJJT METVLb 

For economic reasons the melols known to resi't conoxion cm seldom be u«e<l 
exclusively for condensate lines in any sizeable installation Neveilhele's, there aie 

®L F Collins and E I Henderson Efeadnir Pxptng Atr ConhUontmi 11 (September to December 
1939) 12 (January to ‘May, 1940) 

1® F N Speller Proe hall Dintnct Heattng A»*oe 24 203(1933) 

** M E Dreyfus Henixng and VtntSattng SS 31-33 (June 1942) 

II Iv. Cot I h Patent 1 003 287 (1933) 
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instances where limited use of the more costly corrosion-resistant materials is justified. 
The data in Tig. 2 are the results of testsi^ designed to compare the corrosion 
resistance of the more commonly used metals to attack ^by condensate containing 
oxygen and CO 2 . The results shown for the copper alloys compare favorably with 
the findings of Harrison^^ for condensates containing ammonia. 

According to the writer’s experience, galvanic corrosion resulting from contact of 
dissimilar metals in a condensate line is not commonly serious. In contemplating the 
use of a resistant metal in a section of the condensate line, however, it should be 
remembered that corrosive attack may merely bo transferred downstream in the 
system. 

Paints or similar protective coatings have not so far proved satisfactory. Tests of 
cement-lined and vitreous-lined pipe have shown the linings to be readily dissolved 
by hot condensates. 



Fig. 3. Arra'ngement of Itadiator-Cleauing Equipment. 


REMOVAL OF INSOLUBLE DEPOSITS 

When plugged lines are accessible, mechanical cleaning can usually be accomplished 
without special equipment. Where they are not accessible, it is sometimes possible to 
adopt the principle suggested by Winansi^ for cleaning radiators (Fig. 3). 

In this scheme, a strong glass bottle, equipped with a two-hole rubber stopper, 

L. F. Collins, Proc, Fourth Annual Water Conference, Engineers’ Society of Western Pennsylvania 
pp. 33-4G (1943). 

E. B. Harrison, Power Plant Eng., 48, 84-87 (June, 1944). 

G. D. Winans, Heating, Piping, Air Conditioning, 6, 607-008 (December, 1933). 
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senea as a catch-all One of the holes is linked b> means of thick -walled rubber 
tubing to a %acuum The other hole is linked, bj means of thick-walled rubber tubing 
to a short length of steel tubing (or * ** 4-jn pipe), one end of which js beat and 
notched 

In cleaning, water is introduced into the icsaeJ and the nozzle is raked back and 
forth to loo«en the deposit mecbanicall) The material so freed is sucked into the 
catch-all along with the water 

Chemical cleaning with an inhibited acid solution u. al-»o po-sible It «houId 
be attempted onb bj tho-e experienced in the u«e of mhibifor« and acids There 
are commercial firms which specialize in this t>iie of work 


SUPPORTING 8ASC 
(USUALLY STANOARD PlP^ PLUS) 



^lEASURING CORROSION 


The fflo ^ inesas Aiwnnr t<j the fcrtter I<tr gsgiaf; the este d ewrvsftvw 

in a condensate line is the tester shown m Fig 4 It has been u ed m laboralor\ te-t* 
for gaging the potential corro^nitj of steams and the effectnenea^ of inhibitor® 
Detailed inatniclions for its u e ma> be obtained through the National Diatnct 
Heating \s..ociation • To calculate corrosion rate® aienge penetration m inches 
per sear two factors mu-t be known 


1 The lo-® m weight of the specimen (i e , helical coila) 

2 The length of time the specimen wa.® espo»ed to the corroding mecfium 
(normalh, the number of d3>a it was m te-t) 

The formula used is 


■P — n I - ir. 
2r IFi + VwWi 


0 ) 


• Office of the Secretary, 827 North Euclid Awe . Pittebursh Pa. 

**F V Alquist C H Groom andG F TVHliaBM Traae Soe J/«* Engrt (5 719 GS43) 
1 F N ‘Speller F I* Chappell and R. P Snasell Tranm Iot 7n«( Chtm 19 1R.> (ID'TT) 
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where F = ipy, 

D = initial diameter of wire in inches (usually 0.05 ± 0.001 in.), 

T — time of exposure in years, 

Wi ~ initial weight of wire in grams, 

TI^2 = final weight of wire in grams. 

In the hands of a trained investigator wlio is aware of its limitations, the tester 
facilitates a more rapid measure of corrosion than otherwise is possible. Conceivably, 
there are times when the corrosion rates measured with this device are absolute 
values, but it is not always possible to determine when this is true. Until more cor- 
relating is done, attempts to translate quantitatively the rate of corrosion, as shown 
by the tester, into actual life of equipment are not justified. 


CONDENSER CORROSION 

C. A. Gleason* 

Any complete discussion of corrosion as it affects condensers would of necessity 
require consideration of corrosive action on the water boxes, tube sheets, the shell, 
support plates, baffles, and the condenser tubes. Practically, however, severe or 
serious corrosion of condensers is usually limited to that which occurs at the inside 
or outside surface of the condenser tubes. 

The large majority of condenser tubes in use at the present time is manufactured 
of copper or copper-base alloys, primarily because these materials exhibit excellent 
corrosion-resistant properties under the various conditions of service to which they 
are exposed. The high thermal conductivity and favorable physical properties of 
copper and copper alloys are also of importance in this application. 

Table 1 gives the chemical requirements of the A. S.T.M. Specification B-111 for 
the common condenser tube alloys. 

During their initial stages of service, condenser tubes usually undergo slight surface 
corrosion. The corrosion products and, in some cases, solids from the circulating 
media, may precipitate on the tube walls. The resulting coating or fflm will protect 
the metal against further corrosion provided that it is insoluble, impervious, continu- 
ous, and adherent. If such a film fails to form, or, if initially formed, it is dissolved, 
mechanically broken, or destroyed during subsequent service, corrosion of the metal 
will again proceed. This corrosion may be slight or severe, depending upon conditions 
of service and the inherent film-forming characteristics of the tube alloy. 

Effect of Velocity, Impingement Attack 

The impingement of rapidly moving water, particularly where air bubbles are 
present or where intermittent cavitation occurs, may result in breakdo^vn of protec- 
tive films and subsequent severe localized or general attack of tube surfaces. (See 
Fig. 9, p. 1107.) This action commonly occurs near tube inlet ends but may extend 
along the entire length. Abrasive solid matter (sand, etc.) carried in suspension in 
circulating water results in a similar action, although erosion by abrasive solids 
usually results in a uniform thinning, particularly on the bottom side of the tube. 
Many tube failures can be averted if the causes of impingement attack are understood 
and attention is given to changes in design or operation of condensers to minimize 
this source of trouble. 

* Scovill Manufacturing Co., Waterbury, Conn, 
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Inlet-end erosion may be defeated temporarily by applying an appropriate paint 
or cement, and more permanently by the use of properly designed metallic inserts. 
The most effective preventive, however, is streamlined design of water boxes, injec- 
tion nozzles and piping, avoiding abrupt, angular changes in direction, low-pressure 
pockets, obstructions to smooth flow, and any other feature which can cause local 



Fig. 1. Faulty and Improved Design of Injection Strainers for Use on Ships. 


high velocities or turbulence of the circulating water.f>2 The injection nozzle (the 
terminal portion of pump discharge pipe) should be gradually increased in area in 
smooth curves, avoiding sharp angles as it approaches the water box. The water box 
should be ample in depth and its roof should be vented to by-pass the air to some 
portion of the system where pressure is less than that of the water box (e.g., the 
discharge pipe) . 

Propeller-type pumps are preferable for circulating the water. Where suction types 
are used, they should be profiled to reduce the suction lift to a minimum in order 
to avoid cavitation; also the sump should bo ample to prevent tunneling of air. 
Tunneling often can be eliminated by barriers in the vortices to interrupt’the circular 
motion of the water. Also care must be exercised to seal pump glands with water of 
higher pressure than that in the pump chamber to insure that air cannot be drawn 
into the circulating water at this location. 

Suggestions of design to avoid impingement attack are given in Pigs. 1 to 9. 

The fact that very slow rates of flow favor dezincification of brasses and that high 

^ A. J. German, “Condenser-Tube Life as Affected by Design and Mechanical Features of Operation.” 
Trans. Am. Soc. Afech. Engrs.^ 61. 125-132 (1939). 

2R. E. DilJon, G. C. Eaton, and H. Peters, “The Prevention of Failures of Surface-Condenser Tubes,’' 
Trans. Am. Soc. Afech. Engrs., 69, 147-150 (1937). 




b imprned Air pock«t ehminated by streu' 
lined eatrance and deepened water box. 


Fia 4 Destgas ol lo^ectwo Noszle tDcl Water Box 
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rates of flow add to the aggressiveness of inlet-end corrosion-erosion seem to justifj' 
limitation of the velocity of water through the tubes of steam condensers to 5 to 7 
ft per sec (1.5 to 2.1 meters per sec). Modifications of these limits are permissible, 
depending upon selection of material and appropriate stream lining of the water flow. 



a. Objectionable. Cylindrical nozzle; abrupt h. Improved. Nozzle gradually increasing in 

increase in area. area at approach to water box. 


Fig. 6. Designs of Entrance to Water Box. 



(a) (6) 


Fig. 7. (a) Reverse-Flow Water Box with Reinforcing Plate in Center Causes Turbulence 

and Air Separation in Water Entering Second Pass Tubes. (6) Well-Designed Reverse-Flow 
Water Box with Test Holes Drilled as Shown. 

Concentration Cell Corrosion 

Many cases of tube corrosion are experienced when an electrochemical action, 
generally termed concentration cell corrosion is set up.* Corrosion of this type usually 
results in intense local pitting of the tube surface. (See Fig. 8, p. 1106.) It is occasion- 
ally serious at or adjacent to baffles and tube sheets, either as a result of crevices 
which exist between tubes and tube sheet or baffles, or because of accumulation of 
corrosion products or foreign material at these locations. This type of attack may 

* The action is probably caused largely by concentration differences of oxygen at one part compared 
with other parts of the tube. Editor. 
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aUo be ‘!e\ere beneath non-protectn e film coatings «uch as corro«ion products ol 
sulfides 

Deposit attack or contact corrosion is a form of concentration cell action initiated 
by lodgment of sand mud, cinders stonc» wood shell-, iron =cale, etc , on the tube 



Flo 8 Injection Voitle Too Far from Tube Sheet Air ^enls in Division Plate Reduce 
the Harmful Effect 



TURBULENCE HERE 

Fig 9 Objectionable Internal Remforcing Ribs in Inlet Water Box 

«urface Inteoie pitting of the tube wall may take plate at or rdjaccnt to such deposits 
If the deposit is of a size and «hape to form an ob. tmction, turbulence and air separa- 
tion mil set up erosion and corro ion at the ohotniction and al o downstream from it 
Some tube alloys have better resistance to corro-ion of the concentration celL type 
than other? There is no aa.-urance, howe\er, that any particular alloy will sene eco- 


CONDENSER CORROSION 


551 


nomically under conditions where tube failures of this type are experienced. On the 
other hand, such failures can be prevented or minimized by taking the following pre- 
cautionary measures: (1) Avoid all cracks or crevices at the sheets, baffles, or other 
areas where seepage and trapping of liquid can occur. (2) Clean tubes frequently and 
thoroughly, avoiding any cleaning methods which may injure the tube surface or 
destroy protective films.* (3) Provide adequate screening of the circulating water to 
prevent entrance of harmful solids into the tubes. 

Dezincification 

Brasses containing less than 85% copper, in certain service conditions, are subject 
to a type of corrosion which results in the replacement of the brass by a porous, 
brittle copper deposit. This may occur locally in very small areas, in which case 
it is termed plug-type dezincification (Fig. IIB, p. 1108) or more uniformly over larger 
areas when it is described as layer-type dezincification (Fig. 11.4, p. 1108). Conditions 
favoring dezincification of condenser tubes are: 

1. Contact with slightly acid or alkaline waters not highly aerated. 

2. Low rates of flow of the circulating media. 

3. Relatively high tube wall temperature. 

4. Permeable deposits or coatings over the tube surfaces. 

In the past, dezincification has been a common cause of failure of brass condenser 
tubes, but more recentlj- the addition of very small percentages of alloying elements 
such as antimony, arsenic, or phosphorus has been shown to retard or inhibit such 
action, particularly with Admiralty metal and aluminum biass. Cu-Zn alloys con- 
taining 85% or more of copper do not dezincify under most conditions of service. 
Results of laboratory dezincification tests on an inhibited and an uninhibited 
Admiralty metal are shown graphically in Figs. 10 and 11. 

Effect of TEMPERATUREf 

Figure 1, p. 72, shows the effect of temperature on the rate of pitting of Admiralty 
metal in 3% NaCl, cotton being used to simulate substances found in condenser tubes 
that are active in forming differential aeration cells. The rapid rise of corrosion with 
temperature as found in the laboratory is confirmed bj^ the tendency of condensers 
to fail prematurely when operated at too high a temperature. Actually, seasonal 
variations in temperature of cooling waters are adequate to account for higher pitting 
rates of condenser tubes in summer. (See Fig. 2, p. 73.) 

Hot Wall Effect.^ The hot wall effect is usually characterized by deep local 
pitting on the water side of heater tubes, the rate of perforation increasing with an 
increase in tube wall temperature. Water heaters and evaporators with steam or 
flame on one side of the tube illustrate the most common equipment where this 
type of pitting occurs. Laboratory tests have shown that both ferrous and non-ferrous 
metals fail quite rapidly when exposed to 3% sodium chloride solutions when the 
hot wall effect is a factor. 

The pitting takes place where bubbles of gas repeatedly separate from the water 
(usually at scratches or sharp indentations). Hot spots form on the heated metal 
surface at those points where the bubbles of gas cling to the metal, preventing cooling 

* Soft rubber plugs forced through the tubes often suffice to remove organic slime deposits. Proper 
chlorination of cooling water will prevent formation of these slimes without harming the tube material 

t This discussion is by C. L. Bulow, Bridgeport Brass Co., Bridgeport, Conn. 

® C. Benedicks, Trans. Am. Inst. Mining Mel. Engrs., 71, 597-020 (1925). 
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of the metal surface In non-ferrous tubes, deep pits form on the imderside of hon- 
zoDtalJy held tubes, where the bubbles make contact Frequently, localized corrosion 
IS Mrtually ab«ent on the top«ide of the tubes The raoiement of gas bubbles up 
around the side of tubes «ometime3 produces a noticeable upward streaming in the 



liu 10 Accelerated Corrosion Tests of Inhibited and Regular Admiralty Metal at Room 
Temperature 



Iio 11 Accelerated Corrosion Tests of Inhibited and Regular Admiralty Metal at 

C azo* F) 


corrosion product- As corrosion progresses, nodules of black or greenish-black 
corrosion products (essentially cupnc made, CuO) form oter deep pits, which are 
filled with bright, red, crystalline cuprous oxide (CusO) This localized coirosite 
action proceeds at rates ranging from 0025 ipy up to ten or more times this value, 
depending upon the alloj, temperature, and composition of the corrosne solution 
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The rate of penetration may be ten to two hundred times the normal uniform 
corrosion rate. 



Fig. 12. Hot Wall Effect. X8. (C. L. Bulow.) 

Nodules of corrosion product covering pits formed on the water side of a copper water heater tube. 
Soft non-scale forming w ater. 



Fio. 13. Side View of Same Nodules of Corrosion Product Associated with the Hot 
Wall Effect shown in Fig. 12. (C. L. Bulow.) 

There are several important factors which together accelerate corrosion at the point 
of bubble contact; 

1. Local high temperature. 

2. High concentration of corrosive agents separating out where the bubbles form. 

3. Available depolarizing gases. 

In addition, the gas composition of the bubbles also probably plays a part. 
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In FJg^ 12 13 and 14 are «hown «e\eral \icws of the nodules which formed oier 
pits produced by the hot wall effect m copper tubing The mechanism of this corro«i\c 
action suggests the following preventne measures 

1 Emplo% as low operatmg temperature as po£^Slble 

2 A\oid continued uninterrupted heating 

3 Produce new scratches on the metal surface or wipe the surface «o as to 'hift 
tl e point of bubble formation 

4 Remoie Ii oh rd air or ga es from the lujiu 1 being heated 



Fio 14 Nodules aod Pits Formed on Copper Tubing in 3% NaCl by Hot Wall 
Effect (C L Butow ) 

Cold Wall Effect Occasionally condensed water droplets absorb small amounts 
of corrosive materials «uch as hydrochloric acid ammonium hydroxide or «ulfur 



Flo 15 Grooves Produced by Com> »\e Condensate Flowing Down the S des of a 
Cold Metal Tube Held in a Horuontal Position (C L Bulow ) 

dioxide which may lead to the formation of deep corro ion grooveo in the side of the 
tube as illustrated m Fig io This occurs where the droplets of water form repeatedh 
at the same «pot and roll down the same area on the cold tube surface This may al^ 
take place where two immi-cible hquida conden-e '=ide by ®ide Sometimes consider 
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able longitudinal grooving or pitting may occur on the bottom side of the tube where 
the droplets of corrosive liquid may hang for some time before dropping off. Usually 
considerably more thinning of the tube wall occurs on the bottom side of the tube 
as compared with the top side. 

Effect of Stresses 

Stresses which may contribute to tube failure may be residual in the metal (and 
not removed by proper heat treatment), or applied tensile stress, or cyclic stresses. 
Stress cracking of brass tubes is the result of action by specific reagents, particularly 
by mercury or ammonia and their compounds on statically stressed material. The 
term season cracking* sometimes is applied to failures of this type when the stresses 
are residual in the metal. Cracking predominantly follows the grain boundaries. 

Tube specifications usualb' include a mercurous nitrate test (p. 1013). This test 
establishes that internal stresses from manufacturing operations sufficient to cause 
season cracking have been adequately removed by annealing. Tubes shipped from 
the mill by and large are free from internal stress, but care must be exercised not to 
induce excessive strains during installation. The tube alloys which are least sus- 
ceptible to stress corrosion cracking are copper-nickel and copper. 

Corrosion fatigue of tubes may occur from the simultaneous action of corrosion 
and cyclic stresses acting on the metal. In this connection, it should be noted that 
cyclic stress tends to accelerate corrosion of the pitting type, the latter in turn 
decreasing the fatigue limit very markedly. Corrosion fatigue cracks are trans- 
crystalline. 

The cyclic stresses contributing to fatigue failures usually result from vibration of 
the tubes which can be minimized satisfactorily in many cases (1) by introducing 
a bias stress, accomplished by elevating the intermediate support plates, (2) by 
forcing slats between tube rows, and (3) by increasing the number of support plates. 

Galvanic Action 

The ordinary combinations of condenser materials, i.e., iron or steel shells and 
tube sheets with copper alloy tubes, usually do not cause serious trouble of a 
galvanic nature. Nevertheless, where cost is not a consideration, copper alloy tube 
sheets are preferred because of their better corrosion resistance. Perhaps one of the 
most important controlling factors in corrosion of this type is the ratio of the 
cathode area to the anode area. In a good conducting solution the larger the cathode 
area (i.e. copper alloy), the greater is the corrosion at the anode (iron). (Discussed in 
Fundamental Behavior of Galvanic Couples, p. 481.) Since the area of tube sheets 
is large relative to tube ends, it is permissible to use steel tube sheets with non- 
ferrous tubes. 


SELECTION OF MATERIAL 

The nominal composition and physical properties of the generally used condenser 
tube materials are listed in Table 2. A selection involves a survey of all the known 
service conditions, consideration of the alloy previously used, and the type or form 
of corrosion previously experienced in the unit in question or in similar units. 

• The term stress corrosion cracking has recently been directed to situations where the stress is either 
residual or applied, and hence includes the type of failure represented by season cracking. The term does not 
apply to cracking by action of molten metals such as mercury, since it is thought that corrosion (chemical 
reaction) is not involved. Thus mercury causes stress cracking of brass, but ammonia produces stress 
c irrosion craokinE. Editoe 
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t From The Resietsoee of Copper and Ite Alloys lo Repeated Stress s correlated abstract by If W 
Gillett Vriolr and A22ov* 9 200 236 2o7 275(1932) (Ideal condition deteraunations.) 

Muntz Mutau 

U'e of this allo> at the present time is confined chiefl> to steam condensers oper- 
ating at lot\ temperature and at inland stations xtith fre«h circulating nater from 
rners lakes ortveJls Muntz meti) has good resistance to hydrogen sulfide and other 
actu e «ulfur compound but i-s seldom u ed in applications where corro ion by such 
compounds lo se\ere, primaril) becau-e other factors such as high temperature high 
\ elocities and badh contaminated watera are uaoillj activ'e at the same time Failure 
of Muntz metal tube» occurs usually as a rcault of gradual dezmcification of the 
Jay er ’ type 

kosiIRALTr 'Metai, 

Thia a]Jo% has excellent corroeion re^tant properties and is i^ed widely in tube 
form m Mich di\ er c ‘•cr\ ICC i*. «fcam ronilen er« UMng fro h aalt brackish or acid 
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OF CONDENSER-TUBE MATERIALS* 


Density, 20° 

Ct 

(Range, 
77^-572° F) 

' Linear 
Coeff. 
Expansion, 
°Ft 

^ Electrical 
Conductivity 
(Copper, 
Soft == 100%) 

1 1 
1 Thermal 
Conduc- 
tivity, I] 
Btu/ (hr) 
(sqft)(°F/ft) 

Gram oal/ 
(aeoRsq cm) 
(“C/cm) 

No Appreciable 
Change in Physical 
Properties^ up to 

Lb per 
cu in. 

Lb per 
cu ft 

Grams 
per CO 

“C 

“F 

0 323 

55(i.4 

8.91 

0.0000098 

80 to 90 

186 to 20 

0.77 to 0.84 

200 

390 

0.323 

5.)£j.4 

8.91 

0.0000098 

.50 to 30 

121 to 72 

0.50 to 0.30 

250 

480 . 

0.316 

544.3 

8.73 

0.0000104 

37 

S9 

0.37 

.... 


0.308 

534.0 

8.55 

0.0000112 

25 

65 

0.27 

2.50 

480 

0.301 

520.1 

8.33 

0.0000102 

23 

55 

0.23 

1.50 

300 

0.304 

o25.3 

8.41 

0 00J0115 

26 

70 

0.29 

200 

39.1 

0.303 

523.6 

8.39 

0.0000119 

25 

68 

' 0.28 

200 

390 

0.323 

-558.1 

8.94 

0.0000091 

6 

22 

0.089 

300 

570 

0.323 

558.1 

8.94 

0.0000090 

5 

17 

0.069 

300 

570 


$ From Scientific Paper 410, U. S. Bureau of Standards. 

II From “Thermal Conductivity of Copper Alloys. I. Cu-Zn Alloys," C, S. Smitli, Trans, Am, Inst. 
Mining Met, Engrs., Institute of Metals Div., 89, 84, (1930), 

Paper by W. B. Price, discussion W. H. Bassett, 1931 Vol., A. S. T. M. and A. S. M. E., Joint Sym- 
posium, Short Time Test Data. 

mine water for circulating purposes; as heat exchangers and coolers in oil refineries 
where corrosion from sulfur compounds, acids, and contaminated waters may be 
veiy severe; and as feed water heaters and heat exchanger equipment in industrial 
processes. Admiralty metal tubes are often used in apparatus operating at tempera- 
tures of 200° C (400° F) or higher, although severe dezincification of the alloy may 
be e.xperienced under certain service conditions at elevated temperatures. 

Inhibited Admiralty Metal. The addition of a very small percentage of phos- 
phorus, antimony, or arsenic to Admiralty metal increases the dezincification 
resistance of the alloy to a marked degree. This so-called inhibited Admiralty metal 
was developed, therefore, particularly for installations where severe dezincification 
of Admiralty metal has been experienced or is anticipated. 
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Red Brass 

Red brass Ji sufScjently high la copper so that it does not dezineify under normal 
service conditions, it is also not "o susceptible to stress corrosion cracking as brasses o{ 
lower copper content It is a \ cry eemceable alloy for many heat exchanger installa 
tions Red brass tubes ha\e been used chiefly for «erMce m contact with fresh waters 
This alloy is not generally recommended for u«e where corro->ion by hjdrogen sulfide 
or other actn e sulfur compounds h liable to be sei ere nor in brakiah or salt waters 

Deoxidized Copper 

Tubes of deoxidized copper are limited fo applications where the high punty of the 
material is essential or where (,Qod thermal and electrical conductuitj are necessary 
It has excellent resistance to practicallj all types of fresh water and to many 
chemicals It is not usually «er\iceable in contact with salt water or actne sulfur 
compounds In the hard drawn temper copper has a tensile strength of approxi 
mateJy 60000 pai but it does not retain this strength at temperatures! of 200® C 
(390® F) or higher 

Arsenical Copper 

The alloying of a small percentage (015 to 050) of arsenic with copper reduces 
the electrical and thermal conduetivily of the copper 25 to 50% Compared with 
deoxidized copper ar enical copper has ( 1 ) a higher softening or annealing tempera 
ture (300* C 200*0 (2) increased strength bardne'S and stiffness of cold-drawn 
material with no impairment of duclibta and (3) higher fatigue limit Arsenical 
copper finds its principal \i e m condensers and heat exchangers employing fre«h 
circulating water It is not recommended for ser\ice m contact with (1) hydrogen 
sulfide or other activ e sulfur compounds (2) media carry ing an appreciable percentage 
of organic acids particularly in the pre«ence of air (oxygen) (S) acid solutions of an 
oxidizing nature such as acid mine waters and (4) «alt or brackish waters 

Aluminum Br.^ss 

The addition of approximatch 2% of aluminum and an inhibitor to bra«3 of 76% 
copper content irapro>es the rr’istancc of the rp<ultmg alloy aery materially, par 
ticularly to corro«ion by salt and braeki h water* and to combined ero«ion and 
corroMon m salt water «erMce The excellent corremon re^i^tance of this alloy prob 
ably depends npon the re«j«tant self healing nature of the film which develops over 
the surface of the tube Tubes of thi>! alloy are very serviceable m installations 
where tubes of other bra s alloys might suffer rapid impingement attack Aluminum 
brass tubes have been u.ed quite extennvely during the pa't 10 years in marine 
condensers and m steam conden-ers of tidewater stations where relatively high 
velocities of the circulating wafer, together with turbulence and air bubble impinge 
ment have a «evere local wearing action on Admiralty metal and other brass tube« 

70 30 Copper Nickel 

Tubes of this alloy are used in heat exchanger equipment under conditions where 
severe wear and corra«ion have been experienced particularly at elevated tempera 
lures and at high velocitv of the circulating media Cu Ni tubes have given excellent 
service for example m ship condensers of the U S and British Navy, m steam 

* Howev er aluminum braas i» somewhat anseept ble to pitting in sea water (Sec p 393 ) Editob 
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condensers of tidewater stations where brackish or salt circulating waters are very 
corrosive, and in various oil-refining units operating at relatively high temperatures 
and in contact with corrosive materials. Cu-Ni of 70-30 composition combines excel- 
lent corrosion-resistant properties with very favorable physical characteristics, such 
as high strength and good ductility. The strength of the alloy is retained at relatively 
high temperatures. The thermal conductivity is approximately one fourth that of 
Admiralty metal; actually, however, the overall heat transfer coefficient of a new 
unit is reduced only slightly when Cu-Ni tubes are used in place of Admiralty metal. 
Some designers of heat transfer equipment allow 5% more tube surface area when 
Cu-Ni replaces Admiralty or other brass tubes. Cu-Ni tubes are not subject to stress 
corrosion cracking, so they may be used with safety either in the finish annealed or 
hard-drawn condition. The preference at the present time is for finish annealed tubes. 

80-20 Copper-Nickel 

The Cu-Ni alloy containing 20% nickel has similar physical and chemical proper- 
ties to the 70-30 Cu-Ni alloj"-, and is, therefore, used in the same type of service. 
The corrosion-resistant properties of the alloy gre not equal to those of the higher 
nickel alloy, so that the 70-30 alloy is still generally used under the most severe 
conditions. 

The author gratefully acknowledges hia indebtedness for metallurgical and chemical data to Messrs. 
W. B. Price and F, M, Barry, and for Figs. 1 to 9 to Mr. A. J. German. 


CORROSION BY LUBRICANTS 

C. M. Loane* 

INTRODUCTION 

Metals are not corroded by the hj'drocarbon components of lubricants, although 
corrosion does occur under certain conditions as the result of the presence of impuri- 
ties or additives in lubricants, and as a result of the development of oil oxidation 
products. Certain bearing metals are more susceptible to corrosive attack than others. 
This is particularly true of Cu-Pb and cadmium-base bearing metals which are fairly 
readily attacked by oil oxidation products. Copper and copper alloys may be attacked, 
not only by oxidized oil, but also by the active sulfur compounds which may be 
present. Steel and iron parts are seldom corroded by lubricants. When such corrosion 
does occur, it is usually under very limited conditions involving the use of additive- 
containing oils. 

Although lubricants may tend to corrode working parts under some conditions, 
they afford considerable protection against corrosion caused by the presence of 
moisture, and, where necessary, a high degree of anti-rust protection can be achieved 
by the use of additives. 


CORROSION OP BEARINGS 

General Aspects 

Bearing corrosion became an important problem to the petroleum and automotive 
industries during the period 1934 to 1935, at which time the use of Gu-Pb, Cd-Ag, 

* Standard Oil Co. (Ind. ), Whiting, Ind, 
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and Cd-Ni bearings instead of the pre\iou«ly used babbitt bearings became fairly 
widespread The critical aspect of the situation was oi ercome by changes jn engine 
design and improied lubricants The problem of bearing corrosion has persisted, 
howeier, and today is one of the important factors in the evaluation of lubricants 

Cu-Pb and cadmium-ba«e bearings have greater mechanical strength than babbitt 
bearings, particularly at elevated temperatures, but unfortunately they are much more 
subject to chemical attacl^ fay oxidation products of the oil The various tvpes of 
bearings are classified, on their resistance to corro-ion * as 

1 High resistance — tin-base babbitt 

2 High-to-moderate resistance — lead-base babbitt, alWah-lnrdcned lead, As-Pb 
ba=e babbitt , Ag-Pb base babbitt 

3 Low resistance — -Cd-Ag, Cd-Ni, Cu-Pb 

Cu-Pb bearings have been very widely used, both because of their cheapness 
and their relatively great mechanical strength A typical analysis of Cu-Pb bearing 
metal shows 659i copper and 35% lead It is not a true alloy, but consists of lead 
distributed through a dendnlic copper matrix Cu-Pb bearings are readily corroded 
by oil oxidation products, which preferentially attack the lead, leaving a porous 
copper structure A bearing weakened by lead corrosion may lose whole sections of 
the bearing metal, which may tear away from the «tcel support A typical example 
of lead corrosion is «hown by the photomicrograph of Fig 1 



Fig I Photomicrographs of Cross Section of Copper Lead Bearings Bearings from G Jf 
Diesel Tests after 500 Hours Operation XlOO (Courtesy of Research Laboratories Diva 
sion, General Motors Corporation ) 


Lffl. JJon-esrrodttf bearing Note lead preaeot nghl up to the Burface of the beanos Right Car 
Todtd hearing Note Toida where lead baa beeo remored to adepth approziraating half the thickness of the 
bearing 


Under exceptional conditions, corrosion of copper may occur, generally through 
formation and tearing off of CuS However, this is the exception, and a darkened or 
even a black bearing ordinarily indicates a certain measure of protection against 
corrosion 

The phenomenon of bearing corrosion in service is so complicated that simple 
beaker tests hav e limited significance in relation to engine performance, and ev en full- 
scale engine tests must be interpreted with caution in relation to sen ice performance 

^L-M Tickvinsky. Trofu Soe Automotipr Bngrt , H 09 (19431 
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Factors Affecting the Corrosion op Bearings 

Bearing corrosion is closely related to oil oxidation, since Cu-Pb and cadmium-base 
bearings are readily attacked by oil oxidation products. The major factors which 
influence oil oxidation, and consequently corrosion, can be listed as follows; 

1. Temperature. 

2. Catalysts. 

3. Oxidation characteristics of the lubricant. 

Other variables which also have some effect are, briefly; 

4. The availability of oxygen in the crankcase and efficiency of crankcase ventila- 
tion — only a limited amount of information is available. 

5. The structure of the bearing — discussed in a later section. 

6. The load carried by the bearing — in general, bearing corrosion is more extensive 
when higher loads are carried. Even limiting consideration to one bearing, the 
load is by no means distributed evenly. And the observation has been made that, 
under ideal conditions, “the shape and depth of the corrosion pattern may 
approximately parallel the hydrodynamic film pressure diagram.”^ 

7. Mechanical irregularities, such as misfit bearings, tend to accelerate corrosion 
because of local high temperatures. Abnormal conditions resulting in decreased 
oil flow have a similar effect. 

8. Time of operation — obviously the longer the engine is run between oil drains, 
the more likely corrosion will occur. However, the rate of corrosion, after corro- 
sion has started, may increase, decrease, or remain constant with time, depending 
on both the nature of the oil and the type of service. 

9. Characteristics of the fuel — fuels 'and fuel oxidation products which find their 
way into the crankcase may affect bearing corrosion. Thus the decomposition 
products of lead tetraethyl may either accelerate or inhibit corrosion, depending 
on the type of lubricating oil used. High-sulfur fuels appear to afford some pro- 
tection against bearing corrosion, and even the characteristics of the fuel hydro- 
carbons themselves appear to affect corrosion in accelerated engine tests. 


Table I. EFFECT OF CRANKCASE TEMPERATURE ON BEARING 

CORROSION 
Chevrolet 36-Hour Tests* 


on 

i Cu-Pb Bearing (Connecting Hod) Corrosion Loss 

I in Grama per Half Bearingt 


130° C (266° F) 
Oil Sump 

138° C (280° F) 
Oil Sump 

143° C (289° F) 
Oil Sump 

No. 1. Experimental, detergent-inhibitor-type, 
S. A. E. 30 grade. i 

0.07 

0.68 

.... 

No. 2, Experimental, detergent-inhibitor-type, 
S. A. E, 30 grade. 


0.08 

0.55 


* See TesUfor Corrosion by lAihricantSt p. 1034. 
t One gram per half bearing = 3600 mg/eq dm. 


Temperature. The rate of bearing corrosion is especially sensitive to crankcase 
temperature changes in the range of 100° to 160° C (210° to 320° F). An increase in 


' A. J. Assessor (Federal-Mogul Corp.), private communication. 
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oil temperature ais small as 5“ C (9“ D can cau«c a change from no corrosion to 
extensne corrosion, other test condition^ remaining constant 
This behaiior la illustrated bj tlie foilonmg laboratory beaker and engine tests 


Type Test ] 

' Temp Range 

1 Coveted “ C 

Summarised Observations 

For Data refer lo 

Shell thrust bearing 
corrosion test* 

107-1C0(22.,'' 320*F) 

Six oils cbsnge from non-corrosive to 
corrosive wbcQ the temp is nereased 
10® C 

1 Fig 2 

CheTTolet 36-huur 
lestt 

ISCKllJCaOo® 290“1- ) 

In tests oq tKO oils an increase of o® 
b* C causes about a tenfold increase 

Table 1 

CMC Model 71 
Diesel lest} 

110 127(23t)°-2'»“r) 

1 

4Viihfiveoutof bteoils aninereaseof 
17* C causes more corrosion than a 
fitefoltl increase in operating time 

1 


•S K Tatlei R G Lars«n ^ A \\»bb Am«ne»n Cbemicsl Society petroleum Do ision PreyrxnU, 
p 173 September 1941 

t Unpubliehed data Standard Oil Co llnd ) 
t L. Raymond Trani Soe \ulamal>n Lt></r 0 60 >“3 <19421 



liu 2 shell Thru-t UcaniiB Corjo«ii>n Tes.t Effect ot Temperature on Corrosion (Teat 
conditions 20-hoiir ran, 125 p<i thrust 2400 rpni ) 

Fortunately, oil temperatures encountered m smjce (for appreciable periods of 
time) are not so high as those intohed in accelerated te-ts Consequently, it is only 
under unusual operating conditions that rapid bearing corro-ion occurs 

Catalysts The enormoua effect of catalysts on lube oil oxidation stability, and 
coiirequciitly on bearing coiro'jon, la indicated bt the obseriation^ that the stability 
of an oil (as measured late of 0» absorption) may be decreased to 1% of its 
original \alue after Je«o than 1000 miles of «enice in an engine The decrease m 
stability is largely due to the icquwtion of a ‘■mall ro-'tcntiation of suspended solid* 

^ !t O Israen a/id F 1 irmMJ Jnd Enff Chrm , 36 iAi (l!)i t) 
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or crankcase catalyst. The crankcase catalyst obtained from service where leaded 
fuels are used is usually more active catalytically than that obtained where clear fuels 
are used. The most active constituents of this catalyst on “undoped” lube oils are the 
ferric halides from the reaction of the halides in ethyl fluid with the metals in the 
engine. The most active constituents, as concerns acceleration of bearing corrosion, 
for some additive type oils are the inorganic lead compounds, particularly PbO from 
the decomposition of leaded fuel.^ The effect of ethyl fluid decomposition products 
as catalysts of bearing corrosion is highly specific, and actually some oils are less 
corrosive when leaded fuels are u.sed (Table 2). 


Table 2. EFFECT OF CATALYSTS ON Cu-Pb BEARING CORROSION 

Chevrolet Tests* 


j 

Oil 

Engine 

Cleanliness 

Fuel 

Cu-Pb Bearing (Connect- 
ing Rod) Corrosion Loss in 
Grams per Half Bearingf 


A. Accelerating Efl 

Feet of Leaded Fuel 


Detergent-type, 

Chemically cleant | 

Unleaded 

0.13 gram in 60 hours 

S. A. E. 20 grade 

1 



Same 

<( *t j 

Inhibiting Effe 

3 ml PbEt4/gal 

ct of Leaded Fuel 

1.68 grams in 60 hours 

Detergent-inhibitor 

Chemically cleant 

Unleaded 

0.80 gram in 60 hours 

type, S. A. E. 20 
grade 




Same 

C. Accelerating EfTect c 

i 3 ml PbEt^/gal 

>f Clean Metal Surfaces 

0.18 gram in 60 hours 

Detergent-type, 

Chemically cleant 

! 3 ml PbEt^/gal 

1.15 grams in 15 hours 

S. A. E. 20 grade 


1 

1 

Same 

1 No cleaning other than 
flushing with oil 

I 3 ml PbEtVgal 

i 

0.28 gram in 30 hours 


* Very sirnilar in test conditions to the standard 36 hour Chevrolet test (see p. 1034). 
t One gram per half bearing = 3600 mg/sq dm, 
t Engine parts boiled in alkaline cleaner. 


In addition to crankcase catalyst, the massive metal surfaces in an engine (princi- 
pally Fe and Cu) exert a pronounced catalytic action on oil oxidation and bearing 
corrosion. This catalytic effect is more .severe when the^ engine has been thoroughly 
cleaned before use (Table 2). 

Oxidation Characteristics of Lubricating Oil. Lubricants themselves can vary 
perhaps a hundredfold in their bearing corrosion tendencies. Among uncompounded 
oils, the highly solvent-extracted paraffinic oils are most likely to corrode bearings. 
Naphthenic-type oils, especially those high in sulfur content, are the least likely of 
“undoped” oils to corrode bearings. 

The addition of detergents* (excepting some containing divalent sulfur) to oils 
almost invariably increases the tendency to corrode bearings. However, practically all 
lubricating oils, either straight or compounded, can be brought to a satisfactory level 
of bearing corrosion performance by the' addition of corrosion inhibitors. 

* Detergents are metal salts of organic acids or phenols added to lubricants to prevent deposition of 
varnish and sludge on engine parts. 

* C. M. Loans and J. tV. Gaynor, Ind. Eng. Chem., Anal. Ed., 17, 89 (1945). 
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Detection of Corrosiov 

It IS oftea difficult to ascertain whether corrosion of bearing.^ has occurred Bmce 
chemical attack may be difficult to distinguish from fatigue erosion, or other cau-es 
of bearing losses It is necessary to examine a carefully prepared cross section of the 
bearing under the microscope The procedure for preparing Cu Pb bearings im olves 
altematelj polishing and etching with acid to bring the lead and copper to a common 
plane 5 

Some short-cut methods involve (1) anat><qs of the used oil for oxidation products 
and bearing metals and (2) insertion of a lead plated strip into the crankcase during 
operation of the engine and noting the extent of lead removal® Although the«e 
methods are of some value in indicating the condition of the oil and have the 
practical advantage that they can be applied without dismantling the engne they 
are only indications and do not constitute proof that bearing corrosion has occurred 
or will occur 

Mechanism of Bearing Corrosiov anti Corrosion Pre\'entiov 

Only recently has anj light been shed on the mechanism of bearing corrosion It 
has been generallj recognized that the acidity (from oxidation) of an oil although 
concerned m some indirect manner by no means controls the rate of corrouon 
Deni'on^ demonstrated very convincingly that the rate of corrosion lo governed b> 
the concentration of orgamc peroxides present Hts data showed approximately that 
d (corrosion loss) 

■ . = — ik (cone of peroxide) 

at 

Corrosion is postulated to occur as a result of the following reactions 
M + AOi — AO + MO 
MO -b 2HA — hUr + H 2 O 
where M ~ metal AOj » peroxide HA « organic acid 

Lead oxide was isolated os an intermediate m tests on the corrosion of lead The 
shapes of the peroxide-time and the corrosion rate-time curves are strikingly similar 
However the same relation between peroxide concentration and corro‘’ion rate does 
not hold for widely different oils since peroxides from different sources vary con 
siderably in activity 

A study® of the corrosion of lead and cadmium m hydrocarbon solvents containing 
added fatty acida and (1) molecular oxygen and (2) peroxides led to the following 

1 Contirmation of Deni«on s conclusions that the metaf oxide is an intermediate 
m the corrosion process* that the corroaion rate is largely independent of acid 
concentration and that corrosion of bearmg metals by acidic oils above 100° C 
(210° F) IS caused pnncipally by orgamc peroxides 

2 The observation that at temperatures lower than 100" C (210" F) corrosion by 
acidic oib may be caused by dissolved oxygen and that the limitmg rate of 
corrosion vanes directly with oxygen pressure and may be represented as a 
function of temperature by the Arrt emus equation (See footnote p 16) 

3 The ob ervation that the rate of corrosion is mainly controlled by the rate of 
diffusion of oxidizing agent into the metal surface and by the chemical rate of 
oxidation of the metal 

* H L. Grange AfeM’J^revrest 38 674 (November 1940) ' 

* R, G I-arsen F A Armfield, and L D Grenot Jiul Enp CKem Anal Ed 17 19 (1945) 

^ G H. Den son Jr Ind Enp Chem 36 477 (1944) 

* C F Prutton D R Frey D Turnbull and G Dlouliy Ind Enp Chem 37 90 (1945) 
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Later worko on the corrosion of lead in hydrocarbon media containing organic acids 
showed that organic oxidizing agents other than peroxides or oxygen may be effective 
in causing corrosion. Oxynitrogen compounds, diacetyl, and quinone — compounds that 
could possibly occur in crankcase oils in service — also promote lead corrosion. 
Although lead oxide or hydroxide may be formed as an intermediate when hydro- 
peroxides or oxygen are the oxidizing agent, other types of peroxides and non- 
peroxidic oxidizing agents probably form no metal oxide or hydroxide intermediate 
in the process of corrosion. In service, hydroperoxides and non-peroxidic oxidizing 
agents are more likely to be damaging than highly active peroxides since the latter 
are more rapidly destroyed in contact with heated crankcase oil. 

Although the above work, concerned with the mechanism of corrosion in simplified 
systems, is probably applicable to some extent to coiTOsion in engines under service 
conditions, it is again emphasized that generally the rate of oxidation of the oil 
controls the rate of bearing corrosion in an engine. 

Additives used to prevent corrosion can work in a variety of ways. Probably their 
chief action is to destroy organic peroxides and inhibit oil oxidation. Some inhibitors 
are primarily metal deactivators (i.e., they neutralize the catalytic effect of metals) 
in addition to being oxidation inhibitors. For example, some of the aromatic amines 
are powerful deactivators of iron; phosphites show a specific effect for copper; and 
.sulfur compounds are effective lead deactivators. In addition, some additives, par- 
ticularly sulfur compounds, form a film on the bearing, protecting it from contact 
with corrosive oil oxidation products. This protective film formation is also charac- 
teristic of the “undoped,” lightly refined, naphthenic-type oils previously mentioned 
as being non-corrosive. 

Minimizing Bearing Corrosion 

Improvements in Bearings. Modem Cu-Pb bearings are much more resistant to 
corrosion than tho.se originally used. Changing from coarse to fine structure bearings 
(see Fig. 3) has a markedly beneficial effect on bearing corrosion. This effect is 
brought out clearly in the Diesel testsi® shown in Table 3. 


Table 3. COMPARISON OF COARSE AND FINE STRUCTURE Cu-Pb 

BEARING CORROSION 
Diesel Engine Tests* 



Cu-Pb Bearing (Connecting Rod) Corrosion Loss in Grams per 

1 Half Bcaringf 


1 

Coarse Structure 

Fine Structure 

on 1 

0.837 

0.046 

0112 

0.383 

0.088 

Oil 3 

6.755 

2.740 

Oil 4 

1.650 

1.037 

Oil 5 ! 

3.518 

0.268 

Oil 6 

5.084 

2.661 

Oil 7 

8.598 

3.061 


* Similar to G. C. DieseU Model 71, 500-hour test (see Ttsis for C<nrosion by Lubricants, p. 1034), 
but nmfor 100 hours at 127° C (260° F) oil sump temperature, 
t One gram per half-bearing = 2400 mg/sq dm. 

® C. F. Prutton, D, Turnbull. D. R. Frey. InJ, Bng. Chem., 37, 917 (1945). 

L. Raymond, Trans. Am. Soc. Automotive Engrs., 60, 533 (1942). 
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Cu-Pb and other type bearmg3 ha\e been rendered more resistant to corrosion by 
coating with Pb-In.i'’.i* Pb-Sn, or Pb-Sb approximately 0013-0025 mm (33-64 miU) 
thick The coatings aie made hy apphing indmm, tin. or lead clectrolylically aod 
subjecting the beaung to a heat-treating process to diffu'c the inhibiting metal into 
the lead 



Fig 3 Photomicrographs of Cross Sections of Copper-Lead Beanngs Tjuical Beamig 
Structures X50 (Courtesy ol FederaJ-AIoguJ Corporation ) 

Top Coarse, globular l>pe structare Sintered copper lead SA.C No 4S0 analysis Vvidle 
Afedium-coarBe dendntic-tjpe struefore Cost copper lead SAE No 4S aoajj'aia. Bottom. Fine, 
dendntic-type structure Cast copper-lead S A E No 4S analysis 

Keducing the Severity of Engine Operating Conditions. This is primarily a 
question of reducing temperatures Although it has been done m some cases by pro- 
Mding more efficient cooling, changes in this direction are limited since high engine 
temperatures are nece=.sanlj encountered in modem, high-output engines 
“J M Freund, H B Linford, P " «Sclmt*, IVans EJrcfroctem Soe . 84, 65 (1943) 
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Generally more effective crankcase ventilation, resulting in removal of volatile oil 
oxidation products, tends to lessen corrosion difficulties. 

Additives in Lubricants. Although some steps can be taken in improving bearingi^ 
and in improving engine operating conditions, the burden of the corrective measures 
for minimizing bearing corrosion has fallen upon the lubricating oil. Oils can be 
sufficiently stablilized by additive.s (used in concentrations varying from Mo% to 
.'pveial per cent, depending upon the sj^ecific additive and ba.se oil u^ed) lo stand up 
under all reasonable conditions of service. The more jmpoitant of these additive 
types arc; 

Sulfur-containing additives — sulfurized hydiocaibons, sulfuiized estens, metal alkyl 
tluophosphates. 

Phosphorus-containing additives — alk3'l and aralkyl phosphites. The pho.sphite 
esters are not paiticularly effective in preventing corrosion of Cu-Pb bearings, and 
sometimes show adverse effects where leaded fuels are used. 

Aromatic amine additives — conventional oxidation inhibitors such as phcnyl- 
a-naphthylamine and tctramethyldiaminodiphenylmethane. 

Phenolic-type additive.s — sulfurized alkyl phenols and metal salts thereof and 
metal salts of sulfurized alk3d salicyclic acids hav'e been used commercially. Other 
phenohe compounds such as aminophenols and polyhydroxybenzene derivative'- ate 
also effective. 


CORHOSION OF COPPER 

C0RUO.S10N BY Active Sulfur Compounds 

Modern, well-refined lubricants give little trouble 3vith copper. A copper strip test 
(p. 1037), involving heating the oil in the pic'cncc of a copper strip, j.s oxtensive]3 
used, but often gro->sly misinterpreted. This test is used to detect the pre.‘encp of cor- 
rosive sulfur or sulfur compounds in lubricants. A black, scaly deposit indicates that 
the oil may corrode copper lines or copper alloy parts in service. Moderate staining of 
the strip, however, is no indication that corrosion of copper will occur in service. 
The presence of water often accelerates the corrosion of copper by active sulfur 
compounds. 

Corrosion by Oil Oxidation Products 

Lubricating oils, particularly highly refined oils when exposed to oxygen and 
extensive surfaces of copper, especially in the prc'-ence of small amounts of water, 
may develop high organic acidity. In such ca«cs very .=evere corrosion of copper and 
copper alloy parts takes place to such an extent that the oil may become deep green 
in color from dissolved copper salts. 

A very troublesome type of copper corrosion occurs in compr-essor systems, par- 
ticularly refrigeration units. Copper is dissolved by the oil and plates out on steel 
parts of the system. Faulty valve action and actual freezing of the piston to the 
cylinder wall have occurred because of such deposits. Although this phenomenon ii 
believed to be basically due to the solution of copper in oxidized oil, it has been 
observed in units where only minute amounts of air are present. Copper plating 
troubles are more pronounced where chlorinated hydrocarbon.-? are used as refriger- 
ants and where traces of moisture are prc=ent. It can be minimized by (1) using highly 
refined lubricants, preferably white oils, and (2) using oils containing suitable addi- 
tives (aromatic amines, naphthoF, polyaminc-aldehyde condensation products, or 
other copper deactivators). 
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CORROSION OF FERROUS METALS 
CoRRosi; E Wear Caused sr Sduur Ttpe Additives 
A lthough most lubricating oils e\eit when highlj oxidized do not corrode iron or 
steel some compounded oils attack ferrous metals b> a mechanism called corrosiie 
uear For example actu e-sulfur extreme prc^re lubncmta cau«e accelerated wear 
of steel gears and compounded cutting oils maj considerably shorten fool life fj 
forming surface films which are more readily worn off than i« the steel surface itself 

Corrosion Caused by Chlorine Containing Additives 
Extreme previire lubricants containing chlorine compounds ha\e in some ca«e« 
caused serious corrosion of ^teel gears and hoi mgs This type of corrosion is caused 
by HCl liberated from the additiie and is c«pecially seiere when the service includes 
high temperature operation (faiors HCl liberation) followed by cooling (promotes 
moisture condensation and corrosion by the aqueous HCl formed) 

Chemical Poushing by Anti Wear Additives’* 

Certain additiv es in lubneating oil may reduce wear by n \ erj special kind of 
corro'ne action called chemical palvtkwg Eicn highly polished metal surfaces are 
micro«copicalh rough hen two such «urface» are pres ed together contact i» made 
b> only a few high 8pot« hen the surfaces slide oi er each other under heai-y loads 
tl e extreme pre* ure at the fen points of confiot cm e erceNiieli 1 igh temper3twre» 
followed by welding tear and further roughening of the surface Lube oil additiie 
such as tncresyl pho«phate tnphenyl phosphine or tnphenyl arsine reset with the 
iron to form compounds (eg FeaP) capable of forming eutectics with the iron The 
lowering of the melting point (eg mp FeaP Fe is 515* C lower than mp Fe) aid? 
greatly m maintaining a polished surface and lo laboratory test apparatus reduce* 
oierall wear manyfold 

PREVENTION OF AQUEOUS CORROSION 
One of the functions of almos xll lubricants is the preiention of cotrosion of the 
lubrication system by water There ire a number of tj^pes of industrial lubricant® 
«uch as circulating oil and hy drauhe oil* where prex ention of aqueou corrosion i 
e peciaffy important For example «feam turbine oi£» mu t pa®e«3 Aigfi ant'i ru«t 
characteristics to protect adequately the turbine system from rusting during both 
operation and shutdown period Long-cham organic acid especially dicarboxylic 
acids represent one type of additne which may be used in low concentrations in oil 
(eg 01%) to impart such properties Other anti rust oiU where the anti rust function 
is stressed more than the lubricilmg fimction are discussed m Temporary Corrosion 
PrevenUie Cootinps p 916 

1*0 Beeck J W G ven» A E Stn ih bdcIE C WiIIbwis Pros ftosral Soe (A) 177 90 (1940) 
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EFFECT OF MECHANICAL FACTORS ON CORROSION 

Stress Corrosion* 

H. R. CopsoNt 

Broadljf the term stress corrosion includes any combined effect of stress and, 
corrosion on the behavior of metals. Generally stresses are divided into two types,] 
cyclic and static. Phenomena involving cylic stresses are dealt with under Corrosion j 
Fatigue, p. 578. 

Static stresses may effect the general corrosion behavior or they may lead to crack- 
ing. The term stress corrosion cracking is used to indicate combined action of static 
stress and corrosion which leads to cracking or embrittlement of metal. 


FACTORS INVOLVED IN STRESS CORROSION CRACKING 

The principal factors are stress, environment, time, and internal structure of the 
alloy .1^ The importance of these varies, and they may interract, one accelerating the 
action of another. 


f^^TRESS 

If stress corrosion cracking is to occur there must be tensile stress at the surface. 
The stress may be internal or applied. Internal stresses are produced by non-uniform 
deformation during cold working, by unequal cooling from high temperature, and by 
internal structural rearrangements involving volume changes. Stresses induced when 
a piece is deformed, those induced by press and shrink fits, and those in rivets and 
bolts may be classed as internal stresses. These concealed stresses are of greater 
importance than applied stress, especially in view of the factor of safety used in 
design. The magnitude of the stress varies from point to point within the metal. 
Generally tensile stresses in the neighborhood of the yield strength are necessary to 
promote stress corrosion cracking, but failures have occurred at lower stresses. 


Environment 

Stress corrosion cracking has been observed in almost all metal systems. Yet for 
each metal, stress cracking is associated with specific environments. The environment 
that induces cracking frequently attacks the metal only superficially if stresses are 
absent. 

'pME 

The time required for failure may vary from minutes to years. With some alloys 
there is an incubation period during which structural changes such as precipitation 
are occurring. Thus Al-Mg alloys (over 6% magnesium) become more susceptible to 

stress corrosion cracking as aging occurs. 

/• 

Internal Structure 

\^The internal structure of a metal depends upon composition, fabrication, thermal 
treatments, find often the extent of aging. It is of considerable importance in stress 
corrosion. 

• See also Tests for Stress Corrosion Cracking, p. 1009. 
t Research Laboratorj’, The International Nickel Co., Inc., Bayonne, N. J. 

^ A. Beerwahl, ^fetnllinTtschoft^ 23, 174 (1944). 
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EXA\IPLES of stress corrosion cracking 

Some examples are di'Ciis e<f in other chapters Mention is made here of moat 
common examples 

AlumiM/M Alloys 

Pure aluminum is quite re istant to streAS corrosion cracking but A1 Zn allojo 
containing more than 12% zinc and A1 Mg allo 3 » containing more than 6% rnag 
ne jum are \ ety susicptible to cracking under mild corro i\ c con litions " The cracking 
la intergranular Gram bountlarj conctituents have been observed micra copicallj 
and potential meiuiurementa ha\e «bown the gram boundaries to be anodic to the 
grama in 'olutions known to produce cracking 



Ha 1 Section through Silicon Bronze Showing Intergranular 
Stress Corrosion Cracking XoOO 


Brass* 

Perhaps the bc«t known example of stre^vi corrosion cracking l the season cracAinj 
of brasa 3 < a «o called became the cracks maj resemble tho e m Eea^-oned wood 
Exposure to moi t atmospheres containing traces of ammonia is particularly dra'tic 
in producing cracking Ammonia and compounds of ammonia are belie' ed to be ibe 
potent agencies but mouture and 0 x 3 gen are necc'sary and carbon dioxide may ha' e 
a contributing effect Sa ceptibiljt> to cracking increaBes with zinc content 
Susccptibilit 3 also increa e» with ten ile stress Cracking rareb occurs with internal 
stress le-to than about S40 cm (12000 psi) but stresses of 840 to 1400 IgAq cm 
<12000 to 20000 psj) produce craeking The cracking is Ti'ually intergranular but 
transcry tallme cracking has been reported Special brasses which contam other 
•Refer also to Copper-ginc AKo3/» P 78 

*E H Dll Jr Tran) Am Inet Vrt Engn lYT 11 (IWO) 

’ B bbography on Season CraelonB Pree Am Soe Teii ni> iTateriat) il 918-926 (1941) 

*H P OoftsndG ^sebs Iren Aer 151 (So 10) 47 and {\o 11) 62 fJ9«X 
*G Sachs Iron Ag* t«6 (No 14) 21 (I9«» 
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elements, such as iron, tin, manganese, silicon, aluminum, cadmium, and lead behave 
similarly to straight zinc brasses .5 

Other Copper Alloys 

Compared with the brasses, other copper alloys, such as tin bronze, aluminum 
bronze, silicon bronze, and arsenical copper, show comparatively little tendency to 
season crack/* Nevertheless, they will crack if conditions are right. Figure 1 shows an 
intergranular stress corrosion crack in silicon bronze. The cracking was confined to 
regions of high internal tensile stress. 

Iron 

A well-known example of stress corrosion cracking is the caustic embrittlement of 
mild steel in steam boilers.® (Refer also to Boiler Corrosion, p. 531.) Sodium hydroxide 
must be present in the water; hence the name caustic embrittlement. The cracking 
is predominantly intercrystalline, but transciystalline cracks maj* be present. Oxides 
are usually present in the cracks. High tensile stresses must be present, and usually 
the cracking takes place along rows of rivets. Salt deposits have been observed in 
some cracked rivet seams. It has been established that small leaks or capillary spaces 
must be present so that caustic concentrations can build up to high values. The pres- 
ence of a little silicate greatly accelerates cracking. Other constituents in the water 
also influence cracking. 

Stress corrosion cracking of iron has been observed in media other than alkalies. 
(Refer to “Stress,” Iron and Steel, p. 137.) 

Stainless Steel* 

In certain acid chlorides and other' corrosive media,’ transcrystalline cracking has 
been observed in austenitic Cr-Ni steels.'? Figure 2 shows an instance of transcrystal- 
line cracking of Type 316 stainless steel exposed in a spool-type corrosion test (see 
p. 1053). The cracks radiate from the stencil marks. Away from the cracks the metal 
was ductile. 

Figure 3 shows another instance of cracking in boiling calcium magnesium chloride 
brine. As-received specimens cracked through the stencils. Specimens water-quenched 
from 1070° C (1950° F) cracked even more profusely, but the cracks were no longer 
located at the stencils. Heating relieved internal stresses at these points, but quench- 
ing stresses were high enough to produce cracking. A stre.ss relief anneal consisting of 
heating at 730° C (1350° F) for one hour, followed by furnace cooling overnight, 
eliminated the cracking. The transcrjcstalline nature of the cracks is shown in Fig. 4. 

Lead 

Lead cable sheaths simultaneous^ exposed to stress and corrosion fracture in 
intergranular maimer.® 

* Refer also to Stress Corrosion Cracking in Stainless Alloys, p. 174. 

® W. C. Schroeder and A. A. Berk, U. S. Department of the Interior, Bureau of Mines, Bull. 433 (1941 ). 

^ S. L. Hoyt and M. A. Scheil, Trans. Am. Soc. ^f€tals, 27, 191 (1939). J. C, Hodge and J. L. Miller 
Trans. Am. Soc. Metals, 28, 25 (1940). H. J. Rocha, Stahl u. Bisen, 62, 1091 (1942). M. A. Scheil, o! 
Zmeskal, J. Waber, and F. Stockhausen, Welding J. (Supplement), 22, 493 -b (1943). 

® H. S. Rawdon, Ind. Eng. Chem., 19, 613 (1927), 
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MACrVFSiUM Allots* 

Some imgne^ium allots arc quite seiisib\e to atre«s corrosion cracking in the 
itmo'phere and under a rariel 3 of eorroiie conditions ^ Pure magne'ium, Jig Jfn 
alloj« and the magnesium casting alloj^ are rclati%el> resistant to cracking at 
-tre SOS up to or exceeding their tcn«ile \ icld strength W rought alloj s show increasing 



Fia 2 Stress Corrosion Cracking of T>i>c 316 Stainless Steel at Punched StencQ Marks 
{2yi lo diam . 031 in thick ) 



Received 1950“ F 1350* F 

Fig 3 Stre®* Corro'ion Cracking of Type 316 Stainless Steel (2 in diam 0 031 lO thick) 
in a Boiling Concentrated Calcium Magnesium Chionde Brine (Duration of test 17 day* ) 

sensitiMty with increasing aluminum and zme content Additions of lead, tin, or 
cadmium seem to have little effect Cold rolled and fully annealed materials are more 
sensitive than fully precipitated materials Welded seams on the more sensitive 
materials increase the possibility of cracking because of the high stress and the effect 
* Refer also to Mogntstum and ilagn^am AOou* PP 231 234 247 249 

*A-Beet Tft^ Teeknotogg ef 2laffnenum and lit ABe^ raghek TntBglatK>a from tbe German by F A 

Hughes and Co London 2nd Ed, ia40 
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of the annealed area adjacent to the weld. Riveted seams are not prone to cracking. 
The cracks are predominantly transcrystalline. With wrought magnesium alloys, 
especially those low in aluminum and zinc, residual stresses are gradually relieved 
by creep. 



Fig. 4. Section through Type 316 Stainless Steel Showing Transcrystalline Stress Corrosion 
Cracking. XIOO. (Specimen similar to as-received specimen of Fig. 3.) 


Fig. 5. Section through Cold-Worked 70% Ni-30% Cu Alloy Showing Intergranular Stress 
Corrosion Cracking after Exposure to Hydrofluosilicic Acid. XIOO. 

Nickel Alloys 

Environments known to cause stress corrosion cracking of nickel and nickel alloys 
are few and failures have been rare. Figure 5 shows an intergranular stre.ss corrosion 
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crack m a severely cold worked 70%Ni-30% Cu alloy* tube exposed to hydrofluo- 
siJjcic acid Another raediiim which fometimea produces stress corrosion crackmg is 
fused cauatic 'o la Other examples have been Ii ted by O B J Fraser 'o (See aLo 
I^tckel Iron Alloys p 199) 

Zinc 

Cracking of older t>pe amc die castings is thought not to be an example of stress 
corrosion cracking becaa e stresos did not appear to be necessarj and tl e attack was 
more defimteli m tie form of mtergratiidar coira ron The offending impuntie were 
found to be lead tin and cadmium which produce this t 5 pe of corro ion only when 
nlummum i» present in the alloy (Sec pp 339 and 34G for further remarks concerning 
zinc Refer also to Steam Test for Zinc p 1023) 

REMEDIES FOR STRESS CORROSION CRACKING 
The mo t common method of preventing stress corrosion cracking i to relieve the 
internal stre s by 1 eating and coolmg t^lovly (Table 1) ^^lth suitable temi eralure 


Tahle 1 STRESS RELIEF ANNEAI^ 
To Be Followed by ®low Cool ng 


Material 

1 Temperature 



*F 1 

Alum Qum alloys 

230*2(0 

450-200 ' 

1 * 

Braaa 

'W-300 

300-570 

A I 

Iron 

fiOO-COO 

030-1100 

H I 

hiainleas steel 

730-870 

13o0-lC00 

1 2 

Magnes um alloys 

130-300 

282-5T0 

f* 1 

N ekel alloys 

, 600-620 

1100-1200 



Manufaeturenshjuld b« eonsulte*! l« «bta n best ten prra ure sad t me for pec fie eU'» conpoe uns. 


and time loss of ‘'trength and hirdne can be minimized This method cannot be 
u«ed in composite structureo with metal hiving different coefficient of e\pan.iOD 
In 'aroe ca^cs strci. corro ion cracking mav be prevented by adding appropnate 
inhib tors to the corro«ive medium for example in ciu. tic embrittlement of boiler^ 
fn other case, the corrosive medium may be prevented iVora contacting the mefaf 
by protective coatings or paints Thick electrodepo its have worked well An 
aluminum cladding on Duralumin prevent stress corra ion cracking of the latter 
Painting magne lum alloy a su. ceplible to 'tress corrosion cracking mcreases their life 
four or five time* 

Occacjonalh altering the compaition of the alloy may sufficiently increa.-e 
resistance to crackmg Thus lowcnng tl e zme content of bra's or the magnesium 
content of an aluminum magnesium alloy mav work However substituting one 
austenitic stainlessS 'tccl for another has not prevented chloride stress corro ion crack 
ing and alloy ing of steel has been of little help m caiLtic embrittlement t Suitable 
• MoneL 

t Some evidence is reported that alumicum addit one to ateel effect elj improve res stance to nter- 
gcanulsf etress corrosioa craciLiDg See N Ircseo mJreno^S/eeJ p HO-Epitob, 

J® Simpastum <m Slrest-Corresion Cradnng of Vetalt (1944) Amencan Soc ety for Teat ng Matenals and 
American Inal tute of Mimng and MetalfurgMal Engineers PhJadelph a and New "i orlc 194o 
“G Sachs T on Age 146 (No 14) '»! (!»«») 





STRESS CORROSION 


575 


heat treatments or other processes may change the structure of the alloy and bring 
about improvement. 

Another preventive is to change the fabrication so as to produce compressive 
stresses at the surface. Shot peening, tumbling, rolling, swaging, and the like have 



Fig. 6. Effect of Peening on Season Cracking of Brass. (J. O. Almen, General Motors 
Research Corp. [Classified O.S.R.D. Research Report].) 

A. Non-peened specimen failed in hours in ammonia atmosphere. B. Lightly peened specimen is 
undamaged after 100 hours in ammonia atmosphere. 


worked in certain instances. An example of the beneficial effect of peening on season 
cracking of brass is shown in Fig. 6. In shot peening magnesium, non-metallic shot 
should be used to prevent metallic contamination and subsequent electrolytic 
corrosion. 

THEORY OF STRESS CORROSION CRACKING 
An"electrochemical theory ha.s been proposed by E. H. Dix, Jr.,i2 as follows: 

First there must exist in the alloy a susceptibility to selective corrosion along 
more or less continuous paths, as, for instance, the grain boundaries. This suscep- 
tibility is present when the internal structuie of the alloy is microscopically 
heterogeneous and the phase forming the continuous paths is anodic in the specific 
corrosive medium to the areas composing the major part of the structure. Second, 
there must exist a condition of high stress acting in a direction tending to pull the 
metal apart along these continuous paths. If these two conditions exist simultane- 
ously and the metal is subjected to a corrosive environment producing the specified 
potential relations, corrosion will start along the anodic paths. This rvill produce 
. a concentration of stress at the -bottom of the notches so formed. As the stress 
increases, fissures will begin to develop, destroying any protective film and thus 
exposing fresh anodic material to the corrosive medium. Corrosion will proceed 
more rapidly and at the same time the stress will increase at an accelerated rate 
especially if the material is subjected to a high external load. These mutually 
accelerated actions will continue at an increasing rate until the metal fails. 

This theory explains why cracking is observed only in specific corrosive media. It 
has been well substantiated for the intergranular cracking of aluminum alloys, and 
it probably applies to many alloy systems.i^ There are other continuous paths through 
metals besides grain boundaries, e.g., slip planes and planes of precipitated constitu- 

^E. H. Dix, Jr., TTan’s. Am. Inst. Mining Mel. Bngrs., 137, 11 (1940). 

R. B. Meara and R. H. Brown, Ind. Eng. Chem., 33, 1002 (1941). 
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exits Thus the theory maj apply to tran^costallme stress corrosion cracking Support 
for the theory is found m the fact that an applied potential making the eystem 
cathode prevented stress corrosion cracking of brass, aluminum, stainless steel, and 
magnesium 

The above fheoiy has been developed by J T Waber and H J McDonald*® into 
a general precipitation theorj The distinctive added feature js that high local 
stre'v cs are «aid to accelcrnte the formation of galvanic cells bj accelerating precipita 
tion Cracks then grow b> di^olution of the newly formed anodic material In the 
ca*e of mild steel the precipitated material i3 «aid to be iron nitride In the case of 
austenitic stainless steels a martensitic decomposition product is postulated The 
precipitation thcoiy aUo serves to accommodate strain etching m that more rapid 
corrosion maj occur at macro areas of heterogeneity produced by strain accelerated 
precipitation 


CrrECT OF STATIC STRESS ON GENERAL CORROSION 
here there is no cracking or cmbnttlerocnt the presence of static stress may still 
aflcct con cv ion Thc-i subject has been diata«««l by U R. Evans'® and F N Speller, '7 
and referred to frequently in the literature*® Examination of the data gives a con- 
fused picture some authors have found static stress to mcrea-e corraioa, others have 
found DO effect and still others report a decrease m corrosion The effect seems 
epectfic both for the metat and for the environment 
L uallj the effects are relatively small*** Thus EdwircU Phillipv and Thomas 
found that in 6% «ulfunc acid the incrca^^c in corrosion of steel cau ed bj cold rolling 
was oi erehadowed b) "mall variations m carbon pho«phonis sulfur and copper 
content of the steel Some results on nickel and nickel a)]o>5 are given in Pig 7 
where hardness is given as a measure of cold reduction 
It IS frequentb stated that the energj stored m distorted metal makes such metal 
anodic to strea. free material, and that as a re«ult galvanic effects may cause rapid 
corro«ion of distorted metal Attempts have been made to arrive at the potential 
difference Re«ult5 v ary but in general indicate that tho difference in emf i? only 
a few millnolLv This difference is too "imall to have much effect on corrosion and 
could easii) be up«et b> many factors such as concentration cells Hence where static 
stress alters the corrosion rate it is likeJj to be the result of eecondao factors Fre- 

'SmFis l) P iliavsing elfect oi'sirces on corrosion oTtteeC £biTOR, 

5if»npon im on Sirtti Corrosion CrorJHnff of \Trlalt {lOtt) Amencan Society for Testing Matensls 
and Amencan InatituU o( Mining aru! Meinllurgica! CngiDecra Philadelphia and New York 1045 

“ J T W aber K J McDonald and B Longi n TWrna Eloclroehem Soc ST 200 (I94S) J T Waber 
and n J McDonald Corretion and VottriaJ PrMection 2 (No 8) J3 (194o) (No 9J 13 (1945) and 3 
(No 1) 13 (No 2) 13 (No 3) 13 (No 4) 13 (No 5) 13 (No 8> 13 (1016) 

“UR E\ana MetalUe Corranon Pa$nTtlu and Proleetion Edward Arnold and Co London 1937 
N Speller Corrofitm Couftr and J^ereitlton McCran Hil Book Co Neir York 1935 
“V P Severdenko Melnllurg 13 (No 7) 53(1937) J A Duma J Am Soe EaralEnore 49 566 
(1937) A Skapalu and E Chy*ew»ki Velaux £ Carromon IS 21(1938) C A Edwards D L Philips 
and D F G Thomas d Iron SUft /nst IST 223 (1938) J D Grogan and R J Pleasance / /mt Jl/eidr 
Si 57 (1939) C.W E. Clark A E WJjjte sndC UjnhegfO're Trane Am Soc ^fech Enpra 63 (No 6) 
513 (1941) J A Addleatone and M W Burke tirgtnta J Scicnre 2 192 (1941) H L. Solberg A A 
Potter G A Hawkins and J T Agnew Trana Am Soe Mtch Enpra 65 47 (1943) 

I* P D Stenca V S Bureau ol Staadarda Tech PuEhcation S3 (1915) G TamnJann Cham Zentrfd 
Noll 3 90 (1919 ) T F Russel J Iron Inat 107 497 (1923) T Turner and J Jevons J Iron SuA 
Inal 111 169 (1925) 11 Endo and S Kanazawa Set ileparl* Tohofru t/nis 20 124 (1931) G I Taylor 
and n Qmnney Frew Roy Soc US 307 (1934) R W fYatice Trana Faraday Soe 30 450 (1934) 
LV Nikitin J Gen Cham {(/ S S R) 9 794 (1939) and 11 146 (1941) 
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quently the presence of stress is only one of several possible explanations of observed 
corrosion damage. 
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Fig. 7. Effect of Internal Stress, Produced by Cold Working, on Corrosion of Nickel and 

Nickel Alloys. 


1 in 5.9 % HCl, 30® C, Aerated 

2 m 5.9% HCl, 30® C, Unaerated 

3 in 5 0% HsSOi, 30® C, Aerated 

4 in 3.5% NaCl, 30® C, Aerated 

5 in 50% NaOH, 130® C, Unaerated 


X Dead soft 
o Quarter hard 
• Three-quarter hard 
A Full hard 


OTHER STRESS CORROSION EFFECTS 

The borderlines between corrosion fatigue, stress corrosion cracking, and the effects 
of stress on general corrosion are not sharp. Thus in steel boilers corrosion has been 



Fig. 8. Section tlirough Locomotive Steel Firebox Sheet Showing Nature 
of Cracks or Grooves Which Follow Lines of Stress. X 100. 

known to produce shallow grooves which follow lines of stress. The grooves may be 
so narrow as to be called cracks. Figure 8 shows their typical appearance. They have 
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been attributed to corro. ion of lesa noble stre'e mctapo and to corrosion fatigue 21 
They could be stress corrosion cracks that had been widened by sub«equent crevice 
corrosion ^ben several factors are operative results may not be clear cut 


Corroston Fatigue 

Bl.«ke B UVescott* 

The damaging eSect of the simultaneous action of corrosion and cjclic stresses on 
metals known as corro ion fatigue was mentioned first in 1917 by Haigh 1 The results 
of numerous in\ estigations of this problem since publi hed hav e emphasized the 
influence which the concurrent action of corrosion and c> clic stre&.es has upon the 
performance of metab 10 service 'So metal is immune from some reduction of its 
resistance to cj die strefcing if it is corroded bj the env ironment in which it os stressed 


NATITRE OF CORROSfOS FATIGUE 

The «eriou 3 lowering of the resistance of metals to cyclic stresses while eipo.ed 
to a corroaive medium is clo-clj related to the type of pitting induced by such condi 
tions Steel provides a representative etamj Jc for the purpo cs of this disCUS«ion 
The pits produced m steel un tree ed or under static stre by difiercntial aerabon 
generally are «aucer shaped * This shape is maintained as corrosion proceeds How- 
ever under cyclic 'treating sharp deep pita are formed and as corro ion fatigue con 
tinues many of the«e pits become the origin of cracks which are filled with corrosion 
products Failure occurs subsequently from the progre* ion of one of the cracks across 
the section of <<teel involved The characteristic appearances of pits produced by 
6 tre&Ies 3 corrosion and cracks resulting from corro'ion fatigue are shown in Fig 1® 

The damage from corrosion fatigue is greater than the <um of the damage arising 
from cvchc ^tresses and that due to corrosion The net effect of both factors is to 
mcrea«e the rate of crack propagation principally because of the effect of cychc 
6 tre»-es on corro ion Evans^ believes that the rate of corrosion of metals is controlled 
by the properties of the primary film (usually oxides) formed upon the metal On 
metals re«i«tant to corrosion this film forms rapidly and is quickly re tored when 
damaged Usually the films have low <trength and low ductility ^ that cychc etre«'ing 
cau-es rupture at a greater rate than repair can occur and this allows corrosion to 
proceed rapidly at points where the normal protection provided by the film is ab«ent 
Secondary corrosion products are formed which clog the pits and retard diffusion of 
0 x 5 gen required to repair the primary film thus the metal m the anodic area at the 
base of the pitia maintained in an active condition and has, consequently, an increased 
tendency to corrode 

* Gulf Besearch and Dev elopment Co Pittsburgb Pil 

«F G Straub Univfrnty of niijuni 216(1933) 

“H. N Boetcher J/ecA Enj 66 (No 9 ) 593 (19U) 

P Hagh Eipenmenta on the Fat gue of Brasses J Jnef. Jfrlol* 18 (No 2) 55(1917) 

* D R Evans ifeUiUie Conotvm Fattxnty oad Proterfxm Edward Arnold and Co London 1937 

*D J McAdam Jr and G W GeH Influenceof CyelicStress on Corros on Pitt ng of Steels inFresh 

Water and Influence of Streas Corros on on Fatigue lain te J Rtteareh A all Bur Standards SI 68S 
(1940) (R P 1307 ) 

* U R. Evans MtUdlie Conosvm Passtnly and Awteetion Edward Arnold and Co London, 1937 
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It is shown in Fig. 1 that the pits formed as a result of corrosion fatigue are sharp. 
These chemically formed notches function as stress raisers of unusually high intensity. 
As crack gro^vth extends away from the surface into the metal, the effect of stress 
concentration becomes the predominant factor contributing to eventual failure. 



Fig. 1. Comparison of Pits and Corrosion Fatigue Cracks Produced by Well Water in 3.7% 
Ni, 0.28% C Steel. (Courtesy of D. J. McAdam, Jr.) 

Left: Pita after etresaleas corroaion of 50 days. Right: Corrosion fatigue cracks after stressing at 1300 
psi, at 1450 cycles per minute for 5 days. 

The process of failure by corrosion fatigue is comprised of two stages.® During 
the first stage the combined action of corrosion and cyclic stresses damages the steel 
by pitting and crack formation to such a degree that fracture by cyclic stressing 
would occur ultimately even if the corrosive environment were removed altogether. 
The second stage is essentially a fatigue stage in which failure proceeds by 
propagation of the crack and is controlled primarily by stress concentration effects 
and the physical properties of the steel. This conception of the mechanism is 
identical with that of failure from fatigue if corrosion is regarded simply as the 

®D. J. McAdam, Jr., ''Stress.Stram-Cycle Kelationahip and Corrosion Fatigue of Metals,” Proc. Am, 
Soc. Testing Materials, 26 (II), 224 (1926). 
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method by which stress concentration effects of particularly damaging magnitude 
arc produced bj a clicmica] rather than a mechanical process. 

Cracks resulting fiom corro'ion fatigue progress predominately m a transcrystal- 
line rather than m an intcrcrj'stallme manner, and this is further evidence that 
there IS no fundamental difference between fatigue and corrosion fatigue Ludwick® 
demonstrated conclu i\cl> that neither at the origin nor nibscquentlj were corro- 
Sion fatigue cracks mtcrcrjotalhne m cither pure aluminum or soft iron Likewise 
a corro ion fatigue crack in normaliacd 355iNi-010%C steel (Fig 2) shows no 
evidence to indicate intcrcrjstalhne attack Etpenmeats with two-crystal specimens 
of aluminum^ and with aluminum epecunens having four to six crystals® produced no 
evidence of intcrcr3 talline corrosion or cracking 



Flo 2 Oripn of Corrosion Fatigue Crack m Normalized 
3 6% Ni-0 10% C Steel XlOO 


The normal fatigue fracture m lead is mtercrjstalhne.o a behavior unique among 
metals Corrosion fatigue faiftires of lead may ato be rntercr} staJlme It is suggested 
that fatigue of a metal with a low melting point such as lead at atmospheric tem- 
perature is analogous to high temperature tests on allots of high melting points, 
therefore, mtercrjstalhne fracture may not be exceptional Rawdon^t reported inter- 
crystalline failure of Duralumin fatigued by reversed flexure when immer'cd in a 
solution of 'odium chloride and hydrogen peroxide for a short time at frequent 
periodic intervals However, this was abo the method of failure under stressless 
corrosion and by corrosion under static stress The normal manner of failure from 

Ludwik KerV und KomsioDsd&uerleati^eit MtUiUatriickaft 10 705-710 (1931) 
rjl J GouEh H L Co* andD G Sopwith J Inti B* 183 (1934) 

* II J Gough and G rorreat J Jmt #S 97 (1930) 

*B P Ha eh and B Jonea Atmoaphenc Action tn Relation to Fati^e in I«ad J Inal 
271 (1930) 

•“JR Townaend Fatigue Studiea of Telephone Cable Sheath AUoya Proe Am Soc Ttaimi Hi 
teriala 27 (II) lo3 (1927) 

•• H B Rawdon The Effect of Corroaion Aceoinpanied by Stresa on the Tenaile Propertiea of 
Sheet Duralumin Proc Am Soe TVatinp VoferviZ* S9 (H) 314 (1929) 
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corrosion fatigue for nearly all commonly used metals and alloys is by intracrj'-stalline 
(transcrystalline) fracture. 

Corrosion fatigue of a single crystal of aluminumi^ under cyclic torsional stresses 
caused general surface pitting having no relation to stress conditions. Slip bands were 
formed only in the initial stages of stressing, but preferential corrosion occurring 
along the slip planes was the essential cause of failure. Such behavior is also charac- 
teristic of fatigue. Since slip is a consequence of cold working, this result explains 
why cold-worked metal is particularly susceptible to corrosion fatigue although it 
possesses higher fatigue resistance. Gough concluded that failure of ductile metals 



Fig. 3. Various Stages in Development of Corrosion Fatigue Failures in Sucker 
Rods Used for Pumping Oil Wells. 

either by fatigue or corrosion fatigue is inseparably associated with failure of elasticity 
by slip. X-ray analysis has proved that the structure is fragmented into cr3'stallites at 
slip planes, and it is probable that fatigue failure originates at local junctions of the 
crystallites where some lattice bonds rupture under continued stressing. Local strains 
at such points obviously are high and bear no definite relation to the average strain. 

EVIDENCE OF CORROSION FATIGUE 

Usually it can be ascertained readily whether failure has been caused by corrosion 
fatigue. The surface of the metal is pitted, and frequently cracks are visible at the 
bottoms of the pits. The direction of the cracks is normal to that of the stresses 
which produced them. If the cracks are not detectable under a low-power magnifier, 
they can be made so by deep etching of the surface, by plastic deformation, or by 
magnetic inspection. In this respect, corrosion fatigue differs from fatigue because 

“ H. J. Gough, “Crystalline Structure in Relation to Failure of Metals, Especially by Fatigue," Proc. 
Am. Soc. Testing Materials, 33 (II), 3 (1933). 
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rarelj is there an% endcnce of more than one craek in a metal part which has failed 
from fatigue Characterutic e\idenee of failure in «erMce because of corrosion fatigue 
IS prc'cnted in Fig 3 and 4 In Fig 5 the appearance of the fracture of a sucker rod 
u-ed for pumping an oil well clearl> «hows the origin m a corro ion pit and the 
progre-. i\p manner of crack propagation m the second stage identical with ordinary 
fatigue failure 



Fig 4 Section of Hollow ater*Cooled Staudesa Steel Plunirer of Hot 02 Pump 
>t'hich Fofled m Service b> Corfoaion Fatigue 

Cncl« oneinaveil at interior watet^ooled turface and progf w aed outvanl itmugh vail o( pluaerr 

SIGXIFICkNCE OF CORROsION F\TIGUE LIMITS 
Through common u-age the corrosion fatigue limit of a metal is defined as the 
maximum repeated «tre^«^ that will not cau e failure m a 'tated number of stre-a 
apphcatioru, under defined conditions of corro ion and «tresing The v alue i» •ngnifi 
cant only when the conditions are completely defined becau'C if the metal is attacked 
by ita environment eventually it will be corroded completely and will pn-^eso no 
load-carry mg capacity whatever In other word* when te t results are plotted in the 
manner normalfv iijed for fatigue fe~ting the S-N* curve never becomes truly 
aryroptotic to the absMssa Time and rate of «tres3 application have much greater 
importance than in fatigue Depending upon the ba^es chorea a metal may have 
numerous corro ion fatigue limits the pnncjpil v alue of which is to provide a method 
for ranki^ig metaL m the probable order of performance in service Rarely may the 
corroion istiguc limit be iLed for de ign purposes became the value la u ually 
detennmed lor complete reversal of stresses and this condition i» not often encount 
ered in «emce Other factore which exert a marked influence on the corrosion fatigue 
limit are the nature of the corroding medium nature and range of stres^ rate of 
'treaong temperature degree of aeration inherent corro ion resLtance of the metal, 
• For d* 9 cnpvijn of S-N curvea refer to Fectj for Corronm Folijur p 9S7 
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and physical properties of the metal, particularly its notch sensitivity. Judgment and 
experience are essential, therefore, in the application of corrosion fatigue data to 
operational problems. 



Fig. 5. Corrosion Fatigue Failure of Oil Well Sucker Rod Showing Origin in Corrosion Pit 
and Progressive Crack Propagation. 

Data on Cokrosion Fatigue Limits 

The corrosion fatigue limits of several steels are given in Table 1. These results 
were obtained by exposing the specimens to fresh well water and moderately saline 
river water in air. Certain pertinent generalizations can be diawn from the data; 
(1) There is no relation between corrosion fatigue limit and tensile stiength. (2) For 
carbon steels there is no marked effect attiibutable to carbon content. (3) Medium- 
alloy steels have only slightly higher corrosion fatigue limits than carbon steels. 

(4) Heat treatment does not improve the coirosion fatigue limits of either carbon 
or medium-alloy steels and residual stresses remaining have a deleterious effect. 

(5) Coirosion-iesistant steels have higher coirosion fatigue limits than other steels; 
in this respect chromium is moie effective than nickel as an alloying element. 

(6) Corrosion fatigue limits of all steels are lower in salt water than in fresh water. 

(7) Resistance to corrosion fatigue depends largely on corrosion resistance. 

Results of corrosion fatigue tests of low-alloy steels in oil well water and the same 

water saturated with hydrogen sulfide, both with natural gas present but air excluded, 
are given in Table 2.^3 Generalizations from these data (1) Damage from 

corrosion fatigue in salt water in the absence of air is less than in fresh water with 

B. B Weaoott and C. N. Bowers, "Economical Selection of Sucker Rods,” Trans. Am Inst Mimng 
Mel Engrs., 114, 177-192 (1935), 

B. B, W'escott, "Fatigue and Corrosion Fatigue of Steels.” Mech Eng., 60, 813 (November, 1938). 
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ajr present (2) Some medium alloy steela are damaged much less by corrosion fatigue 
than carbon steels (3) Low carbon steels are damaged proportionately iess by corro- 
sion fatigue than medium carbon and high carbon «tcels (4) Steels in the heat-treated 

Table 1 CORROSION FATICtn: LIMITS OF STEELS IN FRESH t\ELL 
WATER* AND SALINE RIVER ttATERf 
Stressed for at least lO* cycles at 1450 cycles per nun 
(McAdatn) 


Mater al 

Cond tion 

Tens le 
Strength 

pai 

Endurance 

pe 

Fatigue Limit 

PSt 

Damage Rate} 

tVeU 

Salt 

Water 

Well 

Water 

Balt 

Water 

Ca bon SUtU 








Ingot iron 

Annealed 

42 300' 

21000 

15 000 


0 71 


fT'ffnf imn 1 

Quenched drawn I 

43900 

24 000 

20 000 


0 83 


0 11 Citeel 

Annealed I 

40 400 

25000 

16 000 


0 64 


0 Id C ateel 

Annealed 

S'* 00^ 

25 COO 

17 000 

5 000 


0 20 

0 10 C ateel 

Quencled drawn 

C5 700 

3:. 000 

20 000 

7 000 

0 67 

0 20 

0 24 C «teel , 

Annealed i 

59200 

27 000 

16000 




0 26 C Steel 1 

Quenched drawn ^ 

84 jOO 

39 000 

23 000 


0 50 


0 36 C ateel 

Annealed 

79 200 

34 000 

25 000 




0 36 C steel 

Queneled drawn 

103 600 

52000 

19 000 


0 37 


0 40 C ateel 

Annealed 

S'* 000 

34 000 

23 000 




0 49 C ateel 

Queached drawn I 

110900 

53000 

20 000 


0 33 


1 00 C steel 

Annealed I 

103 400 

42 000 

23 000 


0 65 


SUeli 








3 47 Al 0 3SC Staei , 

Annealed 

O'* 500 

49 000 

29 000 




3 47 Ni 0 32 C steel 

Quenched drawn 

124 800 

CO 000 

25 000 


0 36 


S 37 Ni 0 52 C steel 

Annealed 

121800 

55 000 

21 000 


0 38 


5 37 Ai 0 52 C ateel 

Quenched drawn 

132 700 

60000 

19.000 


0 29 


311 Ki 153Si 047CBteeI 

Annealed 

137 800 

65 000 

22 000 


0 34 


311 Ni ISSSi 047Csteel 

Quenched drawn 

251 300 

108000 

12 000 


0 11 1 


Cf-r SUelt 








0 8S Cr 0 14 V 0 46 c steel 

Annealed 

58 800 

42 000 

22 000 


0 52 


DSSCr 0J4V aieCstcri 

Quenched draws 

ICO 600 

69000 

17 000 


0 25 


Sbilnletf Steeli 1 








14 5 Cr 0 38 C steel 

Annealed 

94 400 

52000 

36 000 

36 000 

0 69 

0 69 

14 5 Cr 0 38 C ateel 

Quenched drawn 

117 400 

53000 1 

37 000 

27 000 

0 70 

0 51 

17 3 0 8 2Ni 016Csteel| 

Hot-rolled 

125 300 

50000 

50 000 

25 000 

1 00 

0 50 

17 7 0 25 3Ni 0 39 0 steel; 

Hot-rolled 

115 200 

34000 

45 000 

31 000 

0 83 

0 63 

10 9 Cr 34 7 Ni 0 39 C steel 

Hot-rolled 

112 300 

57000 

41000 

22 000 

0 72 

0 39 

118 Or 0 n Ciron , 

Annealed 

79 600 

41000 

34 000 

14 000 

0 83 

0 34 

138Cr D09C)ron I 

Quenched drawn 

84 900 

50000 

35 000 

18 000 

0 70 

0 3S 


* Uell water conta ned 2 ppm of calc um adfate 200 ppm of calc um carbonate 17 ppm of magnesium 
chloride 140 ppm of sod um chlor de 

t Water from the Severn River having about one-aretli xhe ealimty of sea water 
t Fatigue 1 m t in air 

S CorroB on fatigue bm t divided by endurance I nut 

\ 

condition suffer greater damage than when in the normalized annealed or hot rolled 
condition (5) Chforoium is the moat effectite allo3ang element for increasing the 
corrosion fatigue strength m the absence of hydrogen sulfide, and nickel is the most 



Table 2. COBROSION TATIGUE LIMITS OF STEELS IN OIL WELL BRINE’" 
Based on 10^ stress cycles at 1750 cycles per min. 
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• The natural oil well brine coniained 07,940 ppm of sodium chloride, 2710 ppm of calcium chloride, 988 ppm of magnesium chloride, and the pH was 7.6. 
This brine was saturated with natural gas and hydrogen sulfide for the sulfide corrosion fatigue tests, 
t Ratio of corrosion fatigue limit to air fatigue limit. 
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effecti\e m the presence of hydrogen sulfide SerMcc records over a period of many 
years hate shotvn that these tests furnished a reJnbJe basis for classifying steels in 
order of performance ability 


Table 3 CORROSION FATIGUE LIMITS OF NON-FERROUS METALS* 
Stress for 10* Cycles at 1450 cycles per min 



t Fatigue limit in air 

5 Corrosion fatigue limit divided enduranee limit 
D Estimated result 

Corro'ion fatigue limits of several non ferrous metala are listed in Table 3 ^5 It is 
clear from these data that the corrosion fati^e limits of all metals lasted eveept 
IS j) j MeAdam Jr Corrosion Fatigue of Non-Ferrous Metals Free. Am Soc Teiltng MaimaJt 
27 (II) 102 (1927) 
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copper and aluminum, -svliether in the cold-worked or annealed condition, are prac- 
tically the same. The aluminum alloys are damaged severely by corrosion fatigue. 

Composition oyer a wide range has only a slight effect on the corrosion fatigue 
limits of Ni-Cu alloys. The results for copper are unique, as the corrosion fatigue 
limit is higher than the endurance limit. McAdam attributes this to the cooling effect 
of the water, but Gough^^ suggests that the endurance limit is low because of the 
corrosive action of the air and calls attention to the fact that when this value is 
determined in high vacuum it is increased by 14% X Under similar conditions the 
maximum increase for steels was 5%, but annealed brass (70-30) increased 26%. 

NOTCH EFFECT FROM CORROSION 

The reduction in the endurance limit because of the notch effect of pits produced 
by previous stressless corrosion has been investigated bj"- Moore^® and McAdam.^® 
Moore found that the endurance limit of 0.45% carbon steel was reduced 22% after 
it had been previouslj' corroded for 40 da 3 's in a spray of 20% sodium chloride 
solution. Under similar conditions the endurance limit of Duralumin was lowered 
35%. McAdam found that the rate of damage decreased with increase in time of 
prior stressless corrosion for common steels, but that the reverse was true for stainless 
steels, aluminum bronze, and 70% Ni-30% Cu allo 3 ^ After a prior stressless corrosion 
period of 10 da 3 's in well water, the reduction of endurance limit was 17% for ingot 
iron, 32% for hardened S.A. E. 2330 steel, 27% for annealed S. A. E. 6145 steel, and 
34% for this steel in the heat-treated condition. In no case was the damage sufficient 
to lower the endurance limit to the corrosion endurance limit. McAdam^o states that 
when the rate of damage decreases with corrosion time, as for common steels, the 
corrosion rate is under cathodic control, and when the rate of damage increases with 
corrosion time, as for stainless steels, 70% Isi-30% Cu alloy, and aluminum bronze, 
then the corrosion rate is anodicalb’’ controlled. The damage from corrosion pitting 
is accentuated when stress is combined with corrosion in the prefatigue stage and it 
requires less time for equal damage. A given amount of damage can result from 
numberless combinations of stress range, c 3 'cle frequenc 3 ', and time. A complete 
discussion of these factors may be found in the papers b 3 ' McAdam. 

Dolan^i determined the additive effect of mechanically produced and chemically 
produced notches b 3 ' corrosion fatigue tests of specimens with fillets or holes in 
flowing tap water under conditions of reversed C 3 ’cles of torsional stress. Corrosion 
fatigue increased the stress concentration resulting from the mechanical notches. The 
stress concentration factor due onb' to corrosion fatigue was negligible for hot-rolled 
S. A. E. 1020 steel, but was found to be as high as 1.S5 for heat-treated S. A. E. 
3140 steel. 

H. J. Gough, "CoiTOsion Fatigue of Metals,” J. Iml. Metals, 49 (No. 2), 17 (1932). 
r*^H. J. Gough and D. G. Sopwith, "Atmospheric Action as a Factor in Fatigue of Metals,” J. Inst. 
Metals, 49, 93 (1932). 

R. R. Moore, “Effect of Grooves, Threads, and Corrosion upon the Fatigue of Metals,” Proc. Am. 
Soc. Testing MtUerials, 2B (II), 255 (1926). "Effect of Corrosion upon the Fatigue Resistance of Thin 
Duralumin,” Proc. Am. Soc. Testing Materials, 27 (II), 128 (1927). 

D. J. McAdam, Jr., and R. \V, Cl^me, Influence of Chemically and Mechanically Formed Notches 
on Fatigue of Metals,” J. Research Natl. Bur. Standards, 13, 527 (October, 1934). (R.F. 725). 

D. J. McAdam, Jr., and G. 3V. Geil, “Influence of Stress on the Corrosion Pitting of Aluminum 
Bronze and Monel Metal in IVater,” J. Research Natl. Bur. Standards, 2S, 135 (February 1941) (R p 
1366.) 

-'T. J. Dolan, "The Combined Effect of Corrosion and Stress Concentration at Holes and Fillets in 
Steel Specimens Subjected to Reversed Torsional Stresses,” University of Hh'nois Engineering Experiment 
Station, Bull. 293 (1937). 
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INFLUENCE OF TYPE OF STRESS 

The influence of the mean axial ctr&iS for stresses ranging from zero to a maximum 
and for stres=e 3 fluctuating from a mean stresa \alue ^vbca the corroding medium was 
a “praj ol 3^c =alt 'olulion was found **2 to be similar to the effect on the endurance 
strength in air for carbon IS-S stainless, 150<^o chromium steels, and for 

Duralumin and a magne lum aUo> containmg aluminum 
Tor'ional corra ion fatigue^i^ testa made at 350 cj cles per mm m well water on 
S \ E CI45 steel m both the annealed and heat treated conditions showed that the 
corrosion fatigue limit waa the ^me for both conditions and compared to the corre- 
'ponding lalucs for re\er«ed bending the damage ratios were 027 and 050, rc«r« 
tiielj Surface cracks inter«’*cted each other at right angles (\ shaped) and oceuwed 
at angles of 45 degrcea with the axia of the specimen i c normal to the direction of 
maximum tension 


CORROSION FATIGUE IN STE.VM 

Corro'ion fatigue in steam has been mxcstigated by Fuller”* -•> The steeU included 
were S E 2330 12 chromium 010*^ carbon three nitnding steels, and three 
IS^ «taiale s steels of different carbon content* between 007 and Thej were 

tested m \arioua suitable conditions of heat treatment In the ab ence of appreciable 
luimd water and 0 x 3 gen at temperatures as high a* 3"0’ C (700’ D the S A E 2330 
steel (119 000 p i tensile strength) and the 12n<^ chromium «tcel were not affected 
appreciably Damage to the other «tecls increxed with temperature but, eten at 
370* C (700* F) a nitnded «tcel had the bighe t corro ion fatigue limit I\hen exposed 
to a jet of steam m air tlic corro ion fatigue limits of all the steels except the nitrided 
steels were lowered markedly The damage ratio of one of the mtndcd stccU was 
OSO The mtrided steels tested to <tcam at loO'C (300* F) also had damage ratios 
of 074 to 0^ for notched specimens compared to unnotched specimens 

prenention of C0RR0«:I0N FVTIGUE 

Pre> lous discussion has emphasized the importance of the corrosion resistance of 
a metal in resi ting corrosion fatigue In some instances the corrodent can be treated 
to reduce its corrosmty (discu ed below) The effectncncss of surface coatings of 
afl kinds has been studied cxtensiieh The C 5 «cntiar requirements for succcssfuf 
performance of a coating are (1) It must adhere to the ba.e metal and withstand 
deformation which the bxe metal undergoes without rupture (2) It should preferably 
be anodic to the base metal if cathojjc it mu t be impermeable (3) It should not 
reduce the air endurance strength of the base metal Chromium plating proiided 
considerable protection to S A E 2335 expaed in air to a steam let”^ Platings of 
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copper, nickel, and chromium, 05 mm (S mil) thick, on soft steel afforded perfect 
protection against corrosion fatigue in fresh water for 100 million cycles.-s Lowering 
of the corrosion fatigue limit below the air endurance limit for galvanized and 
sherardizcd specimens was only half that of uncoatcd specimens when 0.47% carbon 
steel of 100,000 psi tensile strength was tested in a stream of lap water for 10 million 
cyclcs.2!) In galvanizing, the brittle Zn-Fe alloy formed at the interface is a probable 
origin of cracks that cause loss in fatigue strength. There was po reduction of fatigue 
strength for electroplated zinc specimens which were not pickled in preparation for 
plating. When such a coating is provided, the steel can be stressed up to its endurance 
limit in air. Electroplated zinc also has been found effective in improving the 
resistance of Duralumin to corrosion fatigue.'''^ Metal-sprayed coatings of zinc, cad- 
mium, and aluminum on steel have been iised.^^ Electroplated coatings which are 
cathodic to steel, such as tin, nickel, and copper, are not recommended^- for resist- 
ance to corrosion fatigue, unless the coatings are impermeable. 

Eeference was made above to the exceptional resistance of nitrided steels to 
corrosion fatigue in a steam jet. Inglis and Lakeys found the corrosion fatigue limit of 
nitrided steel to be 68% of the endurance limit when tested in river water for 170 
million cycles. Another useful property of nitrided steels is low notch sensitivity 
arising from the high compressive strescs in the nitrided case. It may be partly for 
this same reason that surface rolling^-* was found to increase the resistance of certain 
steels to corrosion fatigue and ti\at shot blasting, currently arousing much interest 
in this countrj', may produce some beneficial results. 

Thus far paints have not proved to be of much protective value, but some useful 
coating materials might well result from the intensive development of resins now 
in progress. 

Use of Lvuibitors 

It was found^"'"' that 200 ppm of sodium dichromate completely prevented corrosion 
fatigue of normalized 0.35% carbon steel by water containing 25 ppm each of sodium 
chloride and sodium sulfate. In the presence of the inhibitor at stresses above the 
endurance limit more stress C 3 'c!cs were required to produce failure than for testing 
in air. Only parti.al protection was afforded, however, when localized corrosion was 
induced bj'' rubber wa-shers or bands of paint around the specimens. Sodium dichro- 
mate was ineffective in amounts up to 16,000 ppm in waters containing 2000 ppm 
(synthetic oil well drilling mud water) and 30,000 ppm (.sjmthctic sea water) of 
sodium chloride, but sodium chromate prevented damage when added in amounts 
of 2500 ppm. and 8000 ppm, respectivelj'.sc Hot-rolled 0.42% carbon steel was used 

'* R. Cajaud, “Journtics do la lutte contra la corrosion.” CAimie cl industric, 41, 3S1-384 (April, 1939). 

^V. E. Harvey, "Zinc as a Protective Coating against Corrosion-Fatigue of Steel,” Metals A- Allans, 
l.-i5S (April. 1930). 

I. J. Gerard and H. Sutton, "Corrosion-Fatigue Properties of Duralumin with and without Protective 
Coatings,” J. Inst. ^^ctaIs, 6G (1 ), 29, lOa."!. 

Dattelle .Memorial Institute, PrccenHon of Fnliguc of Metals, John Wiley and Sons. New York, 1941. 

^ ICrj-Btof, “(jber die Haltbarkeit von Zinn- und ZinkUberzOgen bei Korrosionsdauerbeanspruchungen,” 
Melnlltnrhcl.afl, 14, 305 (1935). 

” N. P. Inglis and G. F. Lake, Trans. Faraelaij .Soc.. 27, 803 (1931) and 28, 715 (1932). 

A. Thum and II. Ochs, "Die Bekampfung der KorrosionsermQdung durch Druckvorspannurg,” Ver. 
deal. Inn., 76, 915 (1932). 

“ P. N. Speller, I. D. McCorkle, and P, F. Mumma, ‘‘Influence of Corrosion Accelerators and Inhibitors 
on Fatigue of Ferrous Metals.” Peoc. Am. Soe. Testing Materials, 28 (11), 159 (1928). 

F. N. .Speller, I. B. McCorkle, and P. F. Mumma. "Influence of Corrosion Accelerators and Inhibitors 
On Fatigue of Ferrous Metals," Pros. .Im. Sec. Testing .Ifaterials, 29 (II), 2.3S (1929). 



590 SPECIAL TOPICS I\ CORROSION 

for the latter te«t and the concItLions are based on the number of cjcles to failure 
at a strcia of 2000 p5» le a than the air endurance limit Again the inhibitors were 
ineffective when localized corroaion occurred 

In an im e tigation of corro ton fatigue of steel wjre^t m 0 01 to 1 0 molal codiuni 
chloride «ohitions it was found that zinc jellow gave better protection than the 
equivalent concentration of chromate m the form of pota'^ium chromate This result 
was attributed to the abilitj of the zinc ion to act as a cathodic inhibitor In thc'c 
te ta it was found that increasing the pH from 6^2 to 7^7 was slightlj beneficial at 
high stresses but not at low 'tre-'cs 


Frettmg^ Corrosion 
J 0 \l\ien* 

Tic rapid corro'ion that occurs at the interface between contacting highb loaded 
metal surfaces when subjected to «light relative (vibrator>) motions has become 
known as fretting corrosion^ This form of corrosion is damaging to a large variety 
of machine parts because 

1 It increases the susceptibilitj to fatigue failures of d>DamicaI!> loaded machine 
elements 

2 It destrovs the dimensional accuraev of do eh fitted part 

3 It nuns bearing surface® particularh the surfaces of bill and roller 1 carings'’ 


CHARACTERISTICS OF FRETTING CORROSION 
F^tiopx Failures 

Fretting corro ion is u«uall> characterized b> surface decoloration and deep pits 
m regions where light relative movements have occurred between highly loaded 
surfaces Since fretting corTo«ion affects loaded surfaces it follows that the effects of 
the damage are frequenth cata trophic The deep pits are points of stress concentra 
tion which accentuate 'tre-N'ea due to applied loa<b> and therefore fatigue failures 
often hav e their origin in frcttetl areas Unless better corro'ion prev entiv es are found 
tlan arc now available increasing trouble from fretting corro ion can be expected 
as machine parts arc operated at higher «trcs.cs 

Fatigue failures traceable to fretting corrosion are found m manj aircraft engine 
part® such as connecting rod.> knuckle pin* splined shafts damped and bolted 
flanges coupling and manj otlcr»3 Examples of tvTO of llese failures in different 
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in Fig. 4. A long-standing and unsolved service difficulty occurs in the clamp systems 
joining the adjacent ends of railroad rails. The movements between the rails and their 
clamp plates as each car wheel passes o%-er the joint cause severe fretting corrosion 
and loss of material. The loss of material appears as looseness of the clamping bolts 



Fig. 4. Views of SpUned Shaft Showing Damage Resulting from Fretting. 

A. Shows splinod end of a failed pump sliaft 

B. Sliows original cross section of spline. 

C. Is a cross section showing loss of material due to fretting 


which, therefore, require frequent tightening. Since rail joints are not lubricated or 
otherwise protected, fretting coriosion progresses at a rapid rate and creates a 
service problem that is as old as the railroad business.'* Loss of material also results 
in excessive clearances in splines, taper shafts, and couplings rvhich destroy the 
desired fit, and the consequent looseness may increase the working load by impact 
through lost motion or backlash and thereby cause eventual fracture. 

Bolt Fatigue Failures 

Similarly, fretting corrosion causes loss of material in highly loaded bolted assem- 
blies and consequent looseness of clamping bolts and studs. Looseness of bolts and 
studs increases their liability to fatigue failure, a hazard that is particularly serious 
when the bolts or studs are short as in aircraft engine cylinder hold-down studs.*’ 

In some instances, such ns in press and taper fits, the products of fretting corrosion 
accumulate in the conoded region to such extent that difficulty is experienced in 
dis.assembling the contacting parts. 

* Walter .S. Lachcr, ■'Eiporicncc of the Railroads Justifies Confidence in ra'teners,” raslmera, 1 (No. 
i), 4-7. publi'hcrl by the .\merican Institute of Bolt, Nut and Rivet Manufacturers. 

* J. O. .\lmcn, "On the Strength of Highly Stre«scd, Dynamically Ixiadcd Bolts and Studs,” S. A. E. J. 
(Trans Section). B2, IM-l.VS (.\pril, ID4U. 
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DE^TTCcnoN or Be-uung Surtaces 

JfalfunctJomBg of ball and roller bearmg_ and eometimea of gears results f’lja 
the lose of matenal fretting corra ion When «uch bearings are not in motion 
eicept for 'light oscillating mo\ emenU srhile loaded as during shipment of electric 
motors automobiles machine looL and other assembled machmes in freight car« 
fretting contnoa occurs at the pomt. of contact between the balls or rollers and 
their racewai An eiample of reiere fretting corro-ioa of needle bearings on a 
uni^er^al joint cret.. u «hown in Fig o The «bafU on which this joint was mounted 



Fla 5 Cniicrsal Jomt Cross ^bowing Fretting Corrosion in Needle Beanng 

Were in clixe but imperfect alignment thu- the needle bearings were subjected to 
flight oscillating motement. as the «haft» ro ated The grooiea or indentations that 
are formed bs the corro'ion rum the bearing. Such bearing damage is often errone- 
omlj attnbuted to pres.urc indentation (bnnellmg) becaa.e the products of corro- 
'wn are washed awa;> the bearing lubricant, leating oal^ reasonablt smooth 
indentations® 
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Fretting corrosion may be related to stress corro’non or, more accurately, tension 
corrosion since the friction from the relatue mo\ements of the contacting surfaces 
will necessarily stress these surfaces and theieby promote corrosion. 

Welding and Codrosion 

It IS probable that surface damage from another primarj' cause is sometimes 
mistaken for fretting coirosion Highly loaded surfaces subjected to relative vibratory 
motions may become bonded or welded together in small areas under the influence 
of high local temperature resulting from friction® The lelatne motion of the 
compressively loaded surfaces not only generates sufficient local heat to fuse the 
contacting surfaces, but also cleans the surfaces by rubbing away contaminating 
surface films that might pievent welding Subsequent lelative motion of the 
fused areas pulls material out of the surfaces causing pits, scratches, and fragments 
which may then corrode. Careful inspection is sometimes necessary to determine 
whether the original trouble was caused by welding or by corrosion. 


SUSCEPTIBILITY TO TRETTING CORROSION 

When the heat of friction from relative motion between contacting surfaces is 
not sufficient to cause local welding, damage by corrosion will still occur. Since this 
corrosion damage will occur at the mteiface of any two highlj’- loaded contacting 
surfaces, proiided at least one of them is a metal, it seems that the process is corro- 
sion without fusion Thus Lotting coirosion has been obscr^ed between such materials 
as paper and steel,^^ wood and stecl,^- agate and steel,i 3 glass and steel, ^2, is and 
between many combinations of metals and alloys ^2 That fretting corrosion occurs 
without fusion is also indicated by the reduced rate of corrosion when tests are 
conducted in nitrogcni ‘ and in vacuum 

The susceptibility of the diffeicnt metals and metal combinations to damage by 
fretting corro'ion \ anes considerably. Among the ordinary metals such as steel, brass, 
chromium, aluminum, nickel, and glass tested diy, the best lesistance to fretting was 
found in combinations in which one of the metals was biass, and the most susceptible 
appeared to be stainless steel upon itself 01 in combination with any other metal. 
When lubricated, all combinations of metals showed reduced rates of fretting corro- 
sion, the least susceptible being nickel in all combinations except upon itself, and the 
most susceptible still being combinations that included stainless steel 

C Grn> and K W Jenny, "An in\ estiRntion of Chafinc on Aircraft-Engine Parte,” iS A. E. J. 
(Trans. Section). 62, .511-518 (No^ ember. 1944) 

P. Bowden and K W. W. Ridler, "Plijsicnl Properties of .Surfaces III The Surface Temperature 
of Sliding Metals The Temperature of Lubricated Surfaces,” Proc Royal Soe London (A), 164, 640-656 
(1916) 

“n C Mougej and J 0 Almen, "Extreme Pressure Lubricants,” Proc Am Petroleum Inst , Sec III, 
12th Annual Meeting, 12, 76-81 (1931 ) 

’-G A Tomlinson, P L Thorpe, and H J Gough. "Ins estigation of the Pretting Corrosion of Closely 
Pitting Surfaces ” and Discussion at London Meeting and Manchester Meeting, Proc Inst Mcch Engrs , 
141, 223-249 (1939) 

G A Tomlinson, "Rusting of Steel Surfaces m Contact," Proc Royal Soc ( V), 115, 472-483 (1927) 

B Mai Pinl, "Wear Oxidation, a New Component of "Wear," Irons Am Soc Steel Treating, IB, 1026- 
1031 (1930) 

J O Mmcn, "Lubricants and False Bnnclling of Ball and Roller Bearings,” Mech Eng , 69, 415-422 
(June, 1937) 

** G Tomlinson, P L. Thorpe, and II J Gough, loe cit 
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PREV’ENTIOV OF FRETTING 

Supping 

Since fretting corrosion is caxised bj slipping ino%ements between loaded snzitccs 
It follows that pre% ention of slipping will also pre% ent corrosion Thus it is som^ 
times possible to o%ercome fretting corrosion by increasing the load at the interface 
sufficientb to pre\ent relatue motions of the contacting surfaces In other ica^c’ 
friction may be increased b> roughening the surfaces to stop slipping and corro ion. 


Hardness 

Corro n e attack under fretting conditions progre««es at a more rapid rale in soft 
'teela than m hard steels It is therefore, common practice to correct ser\ice fretting 
corrosion troubles by increasing the hardness of one or both contacting «teel surfaces 

LOBRICiTION 

Fretting corrosion is greatly retarded when the contacting surfaces are well 
lubricated so as to exclude direct contact with air In many practical ca'cs 

lubrication is an adequate though incomplete remedy The abtlit> of a lubneaut to 
exclude air from the region* of contact will \ary with its characteristics High 
X isco«itj oils and greases may not be sufficiently mobile to maintain continuous film' 
particularly when relatixely large moxemenls occur Lowxieoity oils may flow 
away too easily from the regions of contact and thus admit air Special lubricants 
that combine low m co>tty and tenacious qualities can be compounded by the use 
of aluminum «oap Such lubricants will often afford better protection against fretting 
corrosion than the more common lubricants prox tded operating conditions permit 
their use 

More complete exclusion of air by mercury wetted steel surfaces prexented the 
occurrence of fretting corrosion under circum*tancea that othcrwi e produced 
extensue damage when the surface* were well lubricated Ilowex or, no practical use 
has been found for this mercury treatment 

Lubrication may aUo be an effective way to reduce damage by welding and sub- 
sequent corro'ion Under favorable conditions an oil film can aid m dusipatmg local 
high temperatures, can reduce fretting fnction and can ®upply a contaminating anti- 
welding film 


Ikditced Residual Compressiov Stress 
It has been observed that both formation of deep pits by corrosion and tension 
corro«ion cracking are greatly reduced in "urfaccs that are residually stressed in 
compre^ ion Likcwi e, fretting corro ion is retarded when the contacting surfaces 
have been treated to induce residual compression 'tress 21 Surface compression stress 


irj Q Almen Lubneanla and FaJ#* BnneUin^of B«H «n(l RoHer Deann** Eng S9 415-123 

(June 1937) 

‘•11 C MougeyandJ O Almen Extreme rresaur* Lubncaati Froe Am Fttroinvm Iml See HI 
12th Annual 'leetmi! 13 "0-81 (1931) 

**K Die* Frelting Corroaion a Chemical Mefbanieal Phenomenon Z df X Dl 87 (29/30) 
475-470 (1943) 

““J O Almen Lubneanl* an I False Bnnell n« of Ball and Roller BeaTingi Mich Fng 89 415-4 
(June 1937) , 

J O Almen ‘'hot Blasting to Incr«a*« Fatigue Re* atance S A E J (Trans Section) 81 .to- 
2M fJuly 1943) » 
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can be induced by mechanical operations such as shot peening or surface rolling or 
by surface treatments such as nitriding and carburizing. 

Deep penetration of corrosion to form pits is resisted by the surface residual com- 
pression stress, and any pits that are formed are less hazardous as nuclei for fatigue 
fractures. Shot peening offers the double advantage of inducing residual surface 
compression stress to retard corrosion and roughening the surfaces, thereby increasing 
friction.22 


Cavitation Erosion* 

S. LoCAN KCRKt 

DEFINITION AND NATURE OF CAVITATION DAMAGE 

Cavitation is basically a dynamic action within a fluid with formation and collapse 
of cavdtics in regions periodically below the residual absolute barometric pressure. 
Damage to metallic or other structures in the presence of cavitation has been called 
pilling erosion or cavilalion erosion. 

The mechanical nature of damage by cavitation has been demonstrated by tests on 
glass with distilled water where no chemical action is normally expected. The surface 
of polished glass can be roughened so that it has a dull sand-blasted appearance. 
Stainless steel can likewise be damaged by this purely mechanical action in the 
absence of any chemical or electrolytic action. A corrosive environment can, however, 
accelerate damage to a metal by cavitation. Illustrations showing the nature of 
cavitation damage are given in Figs. 1, 2 and 3. 

The cycle of cavitation action is as follows: 

1. Extreme low-pressure areas are produced by flow irregularities. 

2. Pockets or “cavities” of vapor form. 

3. Pressure and flow conditions change abruptly. 

4. Pockets or “cavities” collapse with resultant shock pressures reaching several 
hundred atmospheres in local areas. 

The resultant impact tears out sections of porous or brittle material or causes 
plastic flow or deformation leading to cracking and breaking out of material. Work 
hardening may occur in the surface layer of some metals with a corresponding change 
in physical characteristics. 

The cavitation cycle repeats many thousands of times. Ductile metals by this 
action may resist cro.sion for a period of time, but breakdown of large areas that take 
on the appearance of hard hammered surfaces eventually occurs. If the metal is 
brittle and of relativeh’- low strength, such as cast iron, the appearance of pitting 
will be quite pronounced. If the material is dense and with high fiber strength, there 
will be only a roughening of the surface. 

Effect of Corrosion 

Where conditions conducive to corrosion exist in the presence of cavitation, they 
can be expected to accelerate tlie damage, as the products of corrosion will be 

* Refer a!«o to Tc.<tf for Damnoc hu Cnnfafion, p. 003. 

t Consulting Engineer, Philadelphia, Pa 

** R, L. Mnll'^on and J. O. Almen, "Effect of Shot Blanting on the Mechanical Properties of Steel (NA- 
113)," Paris I and If, National Defense Research Committee, Jic^oarch Project NRO-IO, OEMar-1123. 
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remo\ed more rapidl> than jn «tatic condition, and new and fresh surface's are 
exposed to action of the en\ ironment Such conditions are found m sea icater with 
ca^t iron or ■=leel where more rapid lo a of we ghl occurs than would be e\penenced 
with the same caiitation conci lions in freeh waters* 



Fro 1 Ca tatioa Ero« on on ImpcHer of Axis! F3ow Pump 


Note bamioonvl spp«aranee of Dronxe blade and flow boes u as broken port one of inlet edc< 
Impeller are ereed apoetos o ehow uodera deaf blade Topatirfoee ha'l I tledama^e 


Effect of TE>!PER.tTtniE 

Moj«sont in tp'ts on IS-S «l'iinlc«s «teel found that damage bj caiitalion was 
fcnsitne to tcmrcraturc (Fir 4) Damage in «crMce therefore is etpectcd to be 
more 'ei ere in «umroer than m winter 

• ® Dfe dainlegrst on produced bj ca <a on * traced to eurface fat cue of a metal t ■ Inpcal tl at 
a eortoaive emrontneot can also acee era e ea esC on damaxe □ a manner lent cal « h that opcral ec 
in eorrOB on faticue. (II Boeteher rrani An S« Ut k Engr* 8« 355 (J03CI U rt ate eommun calwn 
T N CpclJer 

It ahould be ment oned that treat on of ruperfie al h ct tempera ure* on moment of in pact a another 
factor that probably accelerateo d s ntegrat on of the me al through them cal react on or corro* on. 
EorroiL 

ij tfouaMn Fhtt ne It« ctanceof VeUbaaderCa itat on Cond one Trox* An. Soe. V h 
En<rt M (No 5) WO (July mrj 





Fia. 2. Cavitation Erosion on Blade of Hicli-Speod Marino Propeller. (Courte.sy of Re- 
search Laboratory, International Nickel Co.) 

Note eroded area in manganese bronze blade in position similar to that on pump impeller in Fig. 1. 



Fio. ."I. Photomicrograph of Section through Eroded Area of Fig. 2 Showing the Displace- 
ment and Re.-irrangomcnt of Cry.staks Due to Mechanical Action Resulting from Cavitation. 
(Courtesj- of Rescarcli Laboratory, International Nickel Co.) 
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Occurrence of Damage 

Conditions of ca%itatiQn related to the unstabJe state of fluid flow where the 
local or general pressures fall below the absolute zero pressure are found in the water 

passages of hydraulic turbines and 
pumps and jn free dbcharge \ahe' 
throttling lahes, propeller*, or la 
fact anj place where high ^ eIodt> 
flow under mediiini or low pre® ure 
condibon i* encountered In at 
least one high-prcsSure conduit, a 
sudden change in direction of flow 
with high local ^eloclty conditions 
caused areas of cavitation that 
damaged the interior of a rein- 
forced concrete tunnel 
The places that are most fre- 
quently affected arc the di-charge 
side of hydraulic turbme runners 
the suction side of pump impellers 
the discharge side of regulating 
valves, and on portions of marine 
propellers Local cavitation dam* 
age has been produced with a free }ct under atmo phene conditions impinging upon 
an irregular surface The area be>ond the «urface irregularit> has shown pitting 
damage identical to that found in pumps or h>draulic turbines 

Relative Resistvnce op AfETALS 

Two extensive investigations have been published on the determination of the 
relative re«i«taoee of various metals to damage by cavitation Although the> were 
made with radicallj different test procedures, the metals tested show the same 
relative behavior Tables 1 and 2 (pp 995-996) summarize the rc'ults for fresh water 
tests Vibratory tests reported in Tabic 1 were aho conducted in sea water and showed 
some differences compared to the fresh water tests but not enough to warrant a 
major «hift in relative resistance to cavitation erosion The non-ferrous Bpccimens la 
sea water and frc*h water as a claso agreed within the limits of cicpcrimental error, 
whereas alloy cast irons showed lower resistance m sea water 
The austenitic Cr-Ni stainle&s steels m the«e tests suffered least in weight loss 

REMEDIES FOR DAMAGE CVVITATIOV 
The first and foremo t remedj is through design of the turbine, pump, or valve, 
with proper velocity distribution and sufficiently high rendual pressures to eliminate 
cavitation conditions cither general or local The correction of existing conditions 
can be divided into three options (1) Sufficient air can be admitted to the flowing 
fluid to relieve the local or general low pressure areas and thui cfiminafe the cau-c 
of cavitation (2) It this is not practicable, the areas affected can be welded or coated 
with a dcn'D high-tcn-ile material that will resist damage from cavitation The 
chromium stainle--^ steel-, including thae with nichcl component,® such as 18 8, have 
proved superior to other surface replacement materials vvhen the composition as 
deposited on the surface permits gnndtng to a smooth finish (3) The reforming hy 



Fio 4 Effect of Temperature and Vapor Pre3«urc of 
^^ate^ on Cavitation Loss of 18-8 m Ventun Typo 
Tests 
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chipping of eroded surfaces may slow down or eliminate the damage. (4) Coatings of 
resilient materials, such as Thiokol, Neoprene, etc., have been applied and have 
successfully reduced or eliminated cavitation erosion. A strong bond with the metal 
is essential. Further experience in varied applications is necessary to establish this 
method as a complete remedy. 

GENERAL REFERENCES 

Beechino, It., "Rosiafancc to Cavitation Erosion,** J, Inst. Enors, and Shipbuilders in Scotland, 86, 210- 
270 (1942). 

Symposium on **Cavitation in Hydraulic Structures,** Proa. Arn. Sac. Civil Enprs., 71, 099-100S (September, 
1946). 


CORROSION BY STRAY CURRENTS 
Scott P. Ewixg* 

DEFINITION OF STILVY-CURRENT CORROSION 

Stray-current corrosion occurs on buried or submerged metallic structures, and it 
differs from all other forms of corrosion damage in that the current which causes 
the corrosion has a source external to the affected structure. This source is usually 
an electric generator. At some part of the circuit, the current or part of the current 
passes through the earth. The conductivity of most metals is in the order of one 
billion times the conductivity of average soils, and therefore any buried or submerged 
metallic structure acts as a low-resistance path and tends to collect current which 
may be flowing through the surrounding earth electrolyte. The corrosion of the 
structure caused by these currents is stray-current corrosion. 

SOURCES OF STRAY CURRENTS 

Stray currents may be jiroduced by electric railways, grounded electric power 
sj'stems, electric welding systems, cathodic protection systems, electroplating plants, 
and other sources. The most important source of stray current is electric railways, 
because these systems use large currents and in most cases the track rails are used 
as return conductors. As these rails arc not well insulated from the ground, a portion 
of this current leaks from the rails to the earth. 

Most power systems use alternating current, although some d-c systems with 
gi'ounded neutral may cause occasional local damage. Recent extensive use of welding 
in ship construction and lack of appreciation of the dangers involved have resulted 
in occasional damage to ships’ hulls during the fitting-out period or while repair work 
w.as being done. Damage to ships’ hulls from welding currents can be prevented by 
connecting each welding generator to only one ship. 

The tendency toward higher generator voltages in electroplating plants imposes 
higher voltages between some of the tanks and gi'ound, where it is difficult to main- 
tain adequate insulation. The.=e relatively small leakage currents may produce 
electrical hazards^ and may cause damage to tanks and other equipment. 

• Barc.iu of Shipi, Na\-j- Department, Washington, D. C. Present address: Rcsearcli Laboratory. Car- 
tor Ot! Co., Tuhn, Okla. 

Tho statements, opinion**, and conclusions here published are those of the author and in no way express 
the olficial opinion of the Na\'>* Department or the Xaval Pcr\"icc at large. 

’ V. F. nan.«on and F. G. L.aVioIetlc. *'Location of Ground Faults on Scries Electrolytic Cell Systems,” 
TronJ. Elcctroel.cn. Soc., 82. 341-362 (1942). 
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•Utiou-h iiL hate been reported* where telegraph hnes a« long as 110 nUes 
ha\e been operated bt natural earth cuirait. dunne macnetic <lorm« these dktubed 
fondjtjon. oecur on the aterare of oal\ about 16 daf« per t ear The rest of the t-ae 
the earth mrrenls are o «ioall that therr potential gradient, seldom exceed o^e 
rnillno i p^r Liloaic er (I 6 railhaolt. per mile) ^uch a gradient would produce a 
carrent den in a «teel conductor of only OSS milhampere p^r «quare centimeter of 
It cnos. «wlion Thi. x equn alent to 32 milliampere^ in a 6*m steel pipe and u le- 
than the ci^rrenL uraallj produced in long <tecl pipe lines b^ galvanic potentials. 

HFFECT^ or «TRA\ cinmz\T>* 

\LTEK^^TI^G-Ct^RFJ:^‘T CORKO ION 

The rc^u! oi numerou espenments indicate that the corro«i\e effects of altc' 
naiin" or irequcniJ\ reter-ed direct current are i.«uallv neghpble compared with the 
natural coto ion rate of the metal in the medium Damace from alternating cunmt 
01 coramercial frequencie- u in the order of of the damace produced b\ direct 
current ot the same marautude ® * 5 In \ ew of thu ftraa-current corrojon i» usuallv 
assoaa ed onlv with d-rect current 

Disect-Currot Copposion 

Anodic Areas. ®ince the anodic and cathodic areas resulting from «traa ctTrcct 
are tiniallt wdelr separated the anodic and cathodic products of electroh is are cot 
I l.el> to react with each other ^t Uie anodic areas meta) goe? into solution ox>«a 
ma\ be cNohed and the elec roivte tend, to become acid In mett < 01 ! and waters 
and a the curren dc”' lUes u uallv encountered in practice the pnncipal anodi 
reacfioa with the commonli u eti metal 1 «oIutioa of the metal If the meal d.-*- 
«alve> aeeordin*' to Faradav< Law whereba coulomb' (26S amj^houT') 

remoisb one gram^oQUii alent of the metal the following amounts of metal would 
be remoa ed by one ampere in one rear 



CORROSION BY STRAY CURRENTS 


G03 


moderately severe under average conditions of soil moisture, the corrosion efficienej' is 
usually between 50 and 110%. At low current densities, the loss in weight closely 
approximates the normal corrosion rate added to the Faradaj' equivalent of the 
discharged current. (Refer to F undainental Behavior oj Galvanic Couples, p. 4S1.) At 
higher current densities, o.xygen or chlorine is evolved at the anode, with a reduction 
in the corrosion efficiency. The usual and recommended practice in calculating metal 
loss from the ampere-year discharge is to assume the Faraday equi\-alent given 
above." 

Anodic attack of lead is indicated if the corrosion product contains greater con- 
centration of chlorides than the surrounding environment.®.^ 

Cathodic Areas. At the cathodic areas hydrogen is evolved or it combines with 
oxygen if oxygen is available, and the solution tends to become alkaline. High 
cathodic current densities do not injure ferrous metals or copper, because these 
metals are not appreciably affected by high-alkali concentrations. However, coatings 
applied to pipes and cable sheaths to prevent soil corrosion may be injured by 
e.xcessive cathodic voltages. The applied potential tends to drive moisture into the 
coaling (electro-osmosis), which lowers its electrical resistance. Accumulation of 
alkali on the metal under the coating causes saponification of oil paints. Hydrogen 
evolution causes excessive blistering and loss of bond of many types of coatings. 

Care must be taken not to make lead cable sheaths excessively negative, especially 
in soils containing appreciable amounts of sodium or potassium salts, because the 
highly alkaline products which form on cathodic areas are corrosive to lead.® The 
alkali reacts with the lead to form plumbites, and red crystals of lead monoxide or 
litharge are precipitated from the saturated plumbile solution. 


METHODS FOR PREVENTING STRAY-CURRENT CORROSION 

It is obvious that stray-current corrosion would not occur if electrical systems were 
entirely insulated from earth. It is possible to build insulated electric railway systems, 
but it is more economical to use the rails as return conductors. Proper grounding of 
electric power circuits is necessary to reduce electric shock hazards. Hence stray- 
current corrosion will probably never be eliminated by the method of completely 
insulating electrical systems. 

Some structures arc more vulnerable to .stray-current corrosion than others. A 
small metal loss from an underground cable sheath may cause penetration and failure 
of the cable if concentrated in one pit. The relatively thin metal used in these 
sheaths and the relativelj' greater volume of lead removed by a given current add 
to their vulnerability. Penetration of a gas pipe line may result in fire or explosion. 
On the other hand, railway rails are on or near the surface so that corrosion can be 
readily observed and repaired. Heavy rails will stand considerable corrosion before 
they become seriously weakened. 

The following procedure helps prevent damage bj- stray currents: (1) Arrange the 
electric circuits so as to keep the current within the metallic system, so far as this 
is economically feasible. (2) If currents must discharge so that metallic structures 
are anodic, arrange to have the discharge occur from structures that are not readily 

^ O. Gntty nnd E. C. It. Spooner, Electrode Potential Be/iariour of Corroding Metals in Agucous Solutions, 
Oiford University Press. London, 103S. 

* It. M. Burns. "The Corrosion of Mctnls. II. Lead and Lead Alloy Cable ShcatliinR,” Bell Sgstem Tech 

J . IS, C03-r,2:, 093G). 

• W. G. Radley and C. E. Riehanls, Determination of the Cause of Corrosion Failure of Lead Sheathed Cable 
.n Buried Conduit, Report. Third Bureau of Standards Soil Corrosion Conference, 1937. 
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damaged or from purpo«cl> built anodes (3) Make the more ^^llne^able structures 
cathodic (4) Keep the anodic current densities as low as possible except on purposelp 
built anodes where the current densitiea 'diould be as high a* is economicallj pauble 

Tlicre are two diametrically opposed methods for accomplishing the aboie 
objectives namelj the «o called drainage method and the insulation method Ever) 
s\«tom of 6tra\ current control is modeled after one or the other of these methods 
In both methods straj currents from rulwaj sj«toms are controlled as much as is 
feasible bj keeping the potential drops in the rati «jatem as low as possible This u 
accomplished by keeping the re'i'tance between rails and ground high by keeping 
the rail bonds in good repair and bj the u«e of insulated negative feeders extending 
for some distance from the ««bstations The current flow m the feeders « adjusted 
with «enes re i tances in «hort feeders and boosters in long feeders so os to keep 
the entire rail svstem at nearl> the «ame potential bj reducing III drops in the 
rails In cities where the water table is high «oiI re istances are in general low 
and track insulation is difficult to maintain The above drainage method is then 
u^ed more extensiv elj 

The insulation method is adapted to the opposite condition where the soil 
re-istances are high Insulated joints are inserted if nece'sarj «o that the underground 
«!>stetns are broken up into a large number of relatively short conductors Railwaj 
currents are kept m the rails so far as this is possible and the current that leaks o5 
docs not ten! to flow in pipes and cables 

If all underground structures were about equalb vulnerable and if the resistances 
between structures and earth were about the same most 6tra> current sj steins could 
be bonded so that little damage would occur Unfortunately ca^t iron pipe joints are 
u-ually of rather high rest tance and the surface resistance of the pipe ts Ion 
Insulating joints cannot be ea-ib placed in welded steel lines and thc^c lines are 
sometimes heavib surface coated Telephone and power cables are in ducts so that 
the surface in ulation is comparativeb high and thee structures are therefore 
especialb vulnerable to stra> currents Hence withm the same citj it may be 
advantageous to consider cast iron pipes as part of an insulated system nhereas 
drainage is feasible and preferable on cable sheatlis 


DETECTION OF STRW CtRRENT CORROSION 
Straj-current failures can u~ua)b be di tmguishcd from corrosion failures bv 
electrical tests (diecussed below) Failures which repeatedlj occur m the same place 
are hkelj to be straj-current failures Corra ion failures will probxblj be more wide); 
scattered and gradually increase m frequencj with the age of the pipe line or cable 
The «traj current conditions at cable failures anl pipe leaks are u ualh imesti 
gited but failures and leaks should not be the only means for locating straj current 
exposures Adequate maintenance of underground «tructures requires more or lc>3 
continuous electroljsis te ting *o that venous exposures will be discovered and 
corrected before too much damage ha.? been done 
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can be correlated with the load on some power station, the source of the stray 
current is fixed. A small steady potential between two structures gives no indication 
of the extent or location of corrosion, or whether a steadj' current flows, or what the 
appropriate remedy may be. If the potential is caused by an outside source, the 
positive structure is corroding and the remedy is to bond the structures. If the 
potential is galvanic, the negative structure may be corroding and the remedy is to 
leave the metallic circuit open. 

The potential drop along a metallic conductor of known dimensions may be used 
to determine the current in the conductor. 

The potential difference between a pipe or cable sheath and a driven pipe or a 
non-polarizing or reference electrode in contact with near-by soil will give only a 
rough indication of whether the pipe or cable is anodic or cathodic with respect to 
an external current. The potential differences between two non-polarizing electrodes, 
along with certain other calibration data, may be used to calculate the current flow 
to or from an isolated pipe or cable. The electrodes maj' be placed near the pipe 
in an cxcavation^^ or on the surface of the soil over the pipe.i^ 

Current mcasurc7ncnts bj’ the potential drop or any other convenient method, 
taken at intervals along a pipe line, may be used to determine the anodic and 
cathodic areas on the pipe, provided the currents are reasonably steady. When 
currents are continuously fluctuating, as is usually the case, simultaneous readings 
of two or more instruments, with appropriate methods of calculation, are nccessarj’’ 
in order to determine just what is taking place. 

Neltoork melhods are based on the fact that the only quantities which remain 
reasonably constant in straj'-current circuits arc the resistances. In order to determine 
these constants, it is noccs.sary to take simultaneous readings on at least two separate 
instruments. The quotient of two measurements or the slope of a straight line usually 
obtained by plotting pairs of simultaneous measurements against each other provides 
a means for obtaining the true constants of the circuit. Methods for quickly obtaining 
the essential data in the field, and interpreting these data so as to get the essential 
facts, have been developed to a high state of perfection and iisefulness.13 

Cooperative Investig.vtions 

In most cities the various utility systems arc owned by several independent 
organizations and each organization is primarily concerned with its own structures. 
Each organization would prefer to have its structures cathodic to all other structures, 
but, of course, this is impossible. The electric railwa 3 's produce most of the straj' 
currents, whereas the pipes and cables of other utilities are likelj' to bo damaged 
by these currents. Since the separatch' owned systems are intimately interwoven udth 
each other, anything that any one system does is likely to affect the structures of all 
the others. It is obvious that control of straj'-current corrosion can best be accom- 
plbhcd bj- the cooperative efforts of alt utilities in the area. Cooperating Electrolj'sis 
Committees have been organized in manj' cities. In some cases these committees 
have continued to function, the only limit to their effectiveness being the skill of 
the engineers. In other cases, some utilities have felt their interests could best be 
protected by legal methods, and this usually forces all the utiliti&s in the area to rely 
for protection on legal rather than engineering talent. However, straj'-current damage 

B. McCollum and K. H. lognn, "Practical Application of the Earth Current Meter,” Bureau of Stand- 

TerJi, Pn'prr 351 (1027). 

J. M. Pctirson. FArrtrical Jnstnimcntn Ajyplied to the Study of Pipe Lin^ Corrosion, A. V. I. Sixteenth 
Annual Meeting, November, 1935. 
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to underground 'tructures js certain?j ^erj much than it was some twentj- 
fi\e \e3rs ago, and the amount of damage per jear from this came is probably 
decreasing There are se\eral reasons for this Many poorly maintained suburban 
electric lines ha^ e been abandoned, and the loads on the remaining lines are lower 
because much of the traffic is> being earned by automobiles, busses, and trucks A1 o 
the cau'Cs of stray -current damage are better understood, and cffectne mitigation 
measures ha^ e been adopted in most cases 

C03?ROSION-RESISTANT ANODES 
Coni'. G Fink* 

In the electrohtic refimng of copper, as well as m the electrowmmng of copper, 
zinc, manganese, cadmium, and other metals, certain electrolytic cells ore equipped 
with corroiion-resistant or «o called insoluble anodes 

The purpo'C of the-e anodco is a simple one in the case of the copper refinery 
Here the electrolyte builds up in copper because of higher anode current efEciencies 
than cathode current efficiencie* Tins build-up m copper tends to increa«e the cell 
\oltage but there is aKo the danger of salts crystallizing out, interfering with the 
normal operation of the refinery' Furthermore, impurities such as nickel tend to 
build up m the electrolyte and so it becomes imperative to keep the concentration, 
of, ■say, nickel in the clectrohte below a fixed maximum Appreciable codeposition of 
nickel otherwi'e takes place which will seriously reduce the electrical conductivity 
of the copper Cells with insoluble anodes are employed as part of the procedure 
adopted lor the elimination of nickel * 

In the electrowinning of metals such as copper, zinc, and manganese from leach 
liquors, the insoluble anodes serve a double purpo-e <1) the prevention of any anode 
metal going into solution, <2) the regeneration of sulfuric acid or building up of 
the acid content of the clectroly le so as to become av aihblc again for further leach- 
ing of fresh quantities of ore It wilt be readily appreciated that this second function 
of the insoluble anode is a moU c&ential one m completing the clectrowinnmg cycle 

la Table 1 arc h«ted the principal insoluble anodes in commercial u.e today 

MISCELLANEOUS APPLICATIONS OF INSOLUBLE ANODES 

Id is Id fb} wpjghll suilfnur nrid, Jfuiit ftf many’ .wplsh Jr.a5 SDOsd Id he 

mo-st resistant to anodic di^olution- Furthermore, the addition of as little as 0 059^ 
tellurium reduced the corrosion Joss for lead to one-tenth 

Iron with 13 to 149o silicon is highly resistant to sulfunc acid attack, but the 
Bilicious protects e surface film is bnltle and easily dislodged Furthermore, some iron 
entere the ‘•olution 

Titanium m amounts of 25%, added to the metal, protects iron, nickel, and copper 
against anodic cono-ion 

Anodca m the eIectroly«is of molten salts are exclusively carbon or graphite for 
the fu'cd halide batlis and nickel for the fu-ed alkali hydrates For fused borates 
and pha-phatc', graphite anodes are preferred 

In cathodic pickling, that i>, making the *work" or article being picklcd cathode, 

• Divi*if>n of Flfctroehematry Columbi* Unuernty, New York, N Y 

* For further Jereil* eee C <7 FinV, //artdbfat%/ \mfiTr«ut Melallurm DM LidiJetl Editor 2nd Ed, 
Cbepter Xt III, McCrnw llill Book Co . Nrw York IWS. 

*F It-MormlmndJ UI)ra>,rranj EUrtrgtIitm 5oe., 78, 427 (1930) 
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Table 1. GROUP A: FOR ACID SULFATE ELECTROLYTES 


Composition 

Surface Film 

Remarks 

Magnetite* 

FejOa 

Limited use in Europe. Verj’ brittle. 

Lead -f 4% to 12%Sbt 

PbOa + SbjOj 

Uni%'cr8ally used in most electrolytic copper 
refineries. 

Duriron (13% Si) 

fejOa “f* SiOi 

Limited use in copper refineries. Brittle. 

Copper eilicidet 

PbOj, MnOsi Sn02 

Limited use by Chile Copper Co. for making 
high-purity, silver-free copper. Brittle. 

Lead -p Ag5 

j PbOa "i" AgiOC-V SbjOa) 

Used in all electrolytic zinc plants; at Chuqui- 
camata; and in one of the Mn recovery plants 


GROUP B: FOR MISCELLANEOUS ELECTROLYTES 


Platinum 

Pt02 

For electrolytic chlorate production. 

Lead and I/cad-iinll 

PbOs. SnOj 

For chromium plating. 

Iron, nickel-plated^ 

NijOi 

For electrolytic Hs -j- Oj production. 

Graphitized carbon 

CO2 

In over 90% of the alkali-chlorine cells. 

Lead and ailvcr 

PbO’, Ag20, AgCl 

In a few alkali-chlorine plante in Europe. 

Lcad-tin-antimony-cobalt** 

PbOji Sn02( Sb203, C02O3 

In the Knoxville plant for electrolytic manga- 
nese. 


• The magnetite anodes ns used in Germany and Italy are hollow and closed at the lower end. A heavy 
copper plate on the inside wall counteracts the high electric resistance of magnetite. Aside from being 
decidedly brittle, these anodes do dissolve slowly, introducing objectionable iron into the elcctrolj'te. 

t The antimony was originally added to the le.ad to counteract sagging or "creep.” But it also adds to 
its insolubility. Antimonial lead cannot be used in the electrolytic zinc cells since a trace of antimony 
in the electrolyte seriously interferes with the cleclrodeposition of zinc. In these cells lead-silver anodes 
are used instead. (See below.) 

I The copper silicide anode has been in use at Cliuquicamata for over 20 years. Colin G. Fink, U. S. 
Patents, l,4 U,.'i07: (1923), Now being partly replaced by a lead-antimony-silver anode. 

§ See footnote t- Also U. C. Tainton ct al., Trans. Am. Inst. Minina Mel. Enurs., 86, 102 (1929). Colin G. 
Fink and L. C. Pan, Trans. EIcctrochcm. Soc., 46. 340 (1924); 49, 85 (192G). Colin G. Fink and K. W 
Low. U. S. Patent 1.740.291 (1929). 

H Chas. II. Eldrfdgc, U. S. Potent 1.975,227 (1934) 

^ B. P. Sutherland, Trans. Elcctrochem. Soc., 86, 183 (1944). 

•• Colin G. Fink and M. Kolodney. U. S. Patent 2,320,773 (1943); C. L. Mantel), 2,340,400 (1944). 
With ordinary lead anodes or lead-antimony anodes about half the manganese is deposited on the anode 
(ns MnO:) and half (as metal) on the cathode. With the above anode, practically all the manganese is 
deposited on the cathode. 


the anode is graphite or carbon in muriatic acid pickles; lead or antimonial lead in 
sulfate pickles; and lead or tin anodes in Bullard-Dunn pickling tanks. 

In electroplating, the anode is \isually composed of the same metal or alloy that is 
being deposited on the article acting as cathode. There are, however, exceptions. In 
chromium plating, the anode is lead, or preferably lead with 6% tin.3 In gold plating 
from cytinide baths, the insoluble anodes used are either hard carbon, stainless steel 
(IS-S), Nichroine, or platinum. 

’Charles IL Eldridge, U. S. Patent 1,975.227 (1934). 
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ACTUAL LIFE OF ANODES IN COMMERCIAL SERVICE 

The actual Ji/e o! an insoluble anode depends upon a large number of factors the 
thickness of the original anode » the thickness of the protective film or crust the 
presence of small amounts of impurities in the electro!^ te (for example, small amounts 
of chlorides m sulfate electroljtte are detrimental), temperature fluctuations 
unintentional but cffectne impurities in the original anode, etc Accordingly , it has 
been common practice to determine relative merits of one anode as against tho e of 
another b> running two or more cells in «!efies and trying out two or more different 
anodes at a time 

Lead anodes used in copper winning should last 15 years, Pb-Ag anodes in ziac 
plants, 10 to 15 jears, carbon anodes m alkali-chlormc plants, at least 2 to 3 years 

WHAT MAKES AN ANODE INSOLUBLE 

A«ide from the fact that a raetal such as platinum is most frequentlj u«ed in the 
laboratory as an insoluble anode simply became it is practically insoluble in the 
electrolyte used — with or without current applied — the insoluble anodes med 
commercially are not only much cheaper than platinum m first cost, but aUo cheaper 
as far as electric power consumption is concerned Hone%er, contrary to tlie usus! 
behaMor of platinum, a number of the insoluble anode metals med commercially 
are relatuely soluble without current applied but decidedly insoluble nhen serving 
as anode 

Tho theoretical basis of the imoliibility of an anode Ma» propounded some 
years ago'* and has been found to apply generally At the anode surface there arc 
primarily two fundamental reactions (1) the attack on the metal of the anode by 
the discharged anion, such os SO« , ciit«mg the metal to go into solution, and 
(2) the discharge of OH’ loos (supplied by the water) to form oxygen 

SOr'+Mc — >*MeSOi+2c- (I) 

lIjO — — 9’2JI* + 0+2e‘ (2) 

The rclatne \clocity of Ihc^c two reactions more or less determines the degree 
of solubility of the anode under the action of (he current It is not difficult to picture 
the ideal case for a perfect insoluble anode The \elocity of the second reaction is 
raifinVei’y gnssAn' Ahny iX'si »5i^ Ahr Awif .’wwrA'SC* T.hp .iwvw* n-p ciav Ahr 

formation and evolution of gaseous oxygen, the more insoluble will be the anode 

One very important result in catalyzing the formation and evolution of gaseous 
oxygen is the marked drop m cell voltage Accordingly, not only is the ideal insoluble 
anode “everlasting,” but also, because of the catalytic film, the cell voltage is 
decidedly lower than with anodes without such cataly tic film 

The Two Components 

In general there are two es«cntjal components of an insoluble anode the metal 
or alloy proper of the body of the anode and the catalytic surface film Among the 
catalytic film-forming metals tliat have given good results — low anode solubilUy 
and low anode potcntia! — are NijOj CojOj, MaOj PbOj, AgjO, ScO?, and com- 
binations of these Usually a combination of metal oxides is more effective and 
efScicnt than one or the other oxjdc alone 

* C G Flak. IruL Ena Chrm . J«. 560 (tOai) 
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These oxides are usually “formed” on the surface by anodic action. Thus, lead 
dissolved in silver, so treated, forms a catalytic film composed of PbOe+AgaO. 
Similarly, metallic cobalt forms a film of C02O3. 

These oxides have thus made it possible to so lower the anode potential below the 
minimum voltage at which anode metal will go into solution that the anode cnergj' 
efficiency for oxygen production is well nigh 100%. A pure copper plate c.an be 
rendered anodically insoluble in an acid copper sulfate solution by appis'ing an 
adherent film of a combination of manganese, lead, and tin oxides to the copper 
surface. But without current such a plate will go into solution as though the film 
were non-c.xislent. The addition of silver to various anode metals has had a most 
remarkable effect in reducing the solubility of anode alloys as well as lowering the 
anode potential.'* 


CORROSION OF LEAD AND LEAD-ALLOY 
CABLE SHEATHING 

R. M. Burns* 

Telephone and power cables are sheathed '\vith extruded coatings of lead or certain 
lead-rich alloys, the principal purpose of which is to exclude moisture and electro- 
lytes. Although unalloyed commercial lead is generally used for power cables, it is 
customary practice to employ lead alloys for telephone cables. The first of these 
alloys to be used contained 3% tin, but for more than 30 years the standard alloj' 
for telephone cables lias been lead containing 1% antimony. More recently lead 
hardened with 0.03% calcium has been ased to a limited extent. The most suitable 
type of lead for the manufacture of Pb-Sb sheathing is one designated as chemical 
grade lead. This product runs high in copper and low in bismuth. 

The selection of lead and its alloys for cable sheathing has boon dictated by such 
physical properties as ease of extrudability, its flexible character over the range of 
outdoor temperatures, its resistance to fatigue cracking, and finally by its relatively 
high degree of corrosion resistance. The low incidence of cable failures due to corro- 
sion in the more than 200,000 miles of sheathed cables in this country is the result of 
the inert character of lead and, in particular, the vigilance of corrosion engineers who, 
recognizing the environmental conditions likely to give rise to corrosion, contrive 
to eliminate these from the cable plant. Laboratory studies and long experience in 
the field have .^hown that the composition of cable .sheath is of loss import.ance than 
the nature of the environment in determining whether or not corrosion -ndll occur. 

THE NATURE AND ACTDTTY OF CORROSION CELLS ON 
CABLE SHEATHING 

Corrosion cells on cable sheathing owe their origin either to sheath composition or 
to some inhomogeneity of the surrounding environment.^ Metallic impurities such 
.as copper, bismuth, and zinc or alloying elements such as calcium, cadmium, or 
antimony may, if present ns separate phasas, form corrosion cells of galvanic t3"po 
with lead. A measure of the activity of these cells may bo obt.aincd b3" comparing 
the relative rales of sulfation of lead specimens containing these constituents avith 
that of spcciro'copically pure le.ad. Taking the rate of sulfation of the high purity 

• Hcl! Telephone Lnhoratoricsi, Murray Hill, N. J. 

'It M. Burn?, Bdl Sydevi Tech. J., 16, (303-C25 (1930). 
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grade as unitj the rates of reaction of se\eral grades of lead and certain cable 
heath allojs ha\e been determined m the laboratory to be as follows 


Spectro*cop eaUy pure lead <991M9‘oPb) 100 

Corroding lead (A. S T M — Gradel 9994«iPb> 1 25 

Chem cal lead (A. S T M — Grade II 9990^R> eonta na 0 06% Cu) 1 53 

Common lead (A. S T M— Grade III 998o%Pb eoata na 0 13% Bi) 1 42 

Corroding lead alloj-ed a th015%So atid02i>%Cd 1 is 

Chem cal lead allojed with 1 5% Sn aiui02S%Cd 1 33 

Corroding lead alloyed with 3% Sn 1 42 

Chemical lead alloied With OOI%Ca 125 

Corrod Qg lead alloyed Kith 001% Ca I 33 

Common lead alloyed aitb 001% Ca 1 so 

Corroding lead alloyed wtth 0 5% Sb and 0 25%Cd 4 00 

Chem cal lead alloyed n thO S%Sb and 02a%Cd 4 00 

Chemical lead alloy ed ivith 1 0% Sb s 00 


These results indicate that the surface reactmtj of lead is markedl 5 increased by 
the presence of small proportions of other metals notably antimony and in a lesser 
degree by copper bi'muth eadmuim and tin In practical terms this means that 
when lead so alloyed is used in sulfuric acid it de5elops corrosion resistant sulfate 
films more rapidly than pure lead Calcium on the other hand appears to have little 
influence 

Znhomogeneity in physical state such as strained structures or difference m gram 
site 19 capable of giving rise initially to corrosion celL of 2 or 3 millivolts but it 
appears that the self annealing tendency of lead at ordinary temperatures relieves 
these strains causing the celU to disappear 

Inhomogeneity of the environment at the surface of cable sheathing is one of the 
most important sources of corrosion cello Of the«c differential aeration which induces 
oxygen concentration cells is the most common Cello of this km 1 may develop as a 
result of contact of the sheath with soil particles making it unsafe practice to bury 
lead and lead alloy covered cables directly m the soil without the u«e of protective 
coatingo The areas of reduced oxygen concentration at tl e points of contact become 
the corroding anodes of differential concentration cells 

Cables in conduit are «eldom subject to contact with inert objects of the character 
which lead to the establishment of oxygen concentration cells The environment of 
the«e cables la very complex however It consists of surface and 'oil waters silt 
deposition and subterranean atma.pheres which are usually higher in carbon dioxide 
and lower m oxygen content than tlie outside air and'wjiicfi may 6c contammafea' 
with illuminating gases and sewage vapors Free lime leached from concrete structures 
alkalies derived from the electrolysis of sodium or calcium chlorides a.e 1 to melt 
ice on streets and seepage from sewers or industrial plants arc sometimes contami 
nants Cables housed in conduit made from acidic wood or in wood conduit which 
has been improperly processed in the preservative treatment may bo subjected to 
acetic acid vapor 

EFFFCT OF ENMItONMENT ON THE OPERATION OF CORROSION CELLS 

From the foregoing it is apparent that a diversity of electrolytic cells may exist 
at the 'urfvce of cable «heathing and that the«e are sul joct m the un lerground plant 
to environmental conlitioas of great complexity T1 ere arc present constituents 
which may accelerate cell activity that i. cau'c corrosion and there are other 
cicmcni'i of the environment which may retard or sliJlc cel) activity and thereby 
prevent eorro ion Tie influence of these constituenta depends both upon concen 
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tration and upon specific properties such as solubility and depolarizing strength. The 
occurrence of corrosion and the nature of corrosive attack, if it does take place, may 
be determined by the ratio of the corrosive agents to the protective ones in the 
environment. For high values of this ratio the sheathing will be more or less uniformly 
corroded, for low values it will be protected, but for intermediate values of this 
ratio the surface of the sheathing will be only partly protected, with the result that 
corrosion will be localized in the form of destructive pitting. Some of the principal 
constituents of the environment which affect the corrosion behavior of cable sheathing 
may be classified as follows; 


Corrosive 
Oxygen 
Nitrates 
Alkalies 
Chlorides 
Organic acids 
Soils of large texture 


Protective 

Silicates 

Carbonates 

Sulfates 

Certain organic compounds 
Colloidal substances 
Soils of small texture 


Oxygen 

Oxygen is listed here as a corrosive element, and in the underground plant where 
electrolytic corrosive cells exist, of the type previously described, it is one of the 
most influential corrosive agents. Its action consists in the depolarization of the 
cathodic areas of the sheath. However, under other circumstances oxygen may have 
a protective influence in the formation of a continuous oxide film. For example, in 
the case of aerial cables and even underground cables which are maintained relatively 
drj% oxygen contributes to the development of a more or less invisible film which may 
preserve the metal indefinite!}' if not physically disturbed. Cables on reels or cables 
recently installed may become superficially coated with a hydrated oxide which may 
become carbonated. This is loosely adherent and is of little significance. 

The protective film formed on cable sheathing in the atmosphere does not prevent 
cracking of the sheath which sometimes occurs in sections that are subjected to 
repeated stresses or prolonged vibration. There is, on the contrary, some evidence that 
corrosion reactions contribute to this process of intergranular fracture which is one 
of the principal causes of failure in aerial cables. 

Nitiutes 

The presence of nitrates in acid soil waters leads to accelerated corrosion because 
under these circumstances nitrates arc cathodic depolarizers. Furthermore, owing 
to the high solubility of lead nitrate, there may be some impedance to the formation 
of protective films which might otherwise develop. The nitrate content of soil waters 
is ver}’ low — a few parts per million ordin.arily — but occasionally contamination 
from sewers and surface drainage leads to a several-fold increase. Nitrate concen- 
trations of 20 to 425 ppm have been found to cause serious sheath corrosion. In these 
cases the corroded area is usually black in appearance and covered with loosely 
adherent finely divided lead and antimony, if antimony is a constituent of the sheath. 

ALK.yLIES 

Alkalies seriously corrode cable sheathing. The attack is characterized usually by 
the presence of red tetragonal crystals of lead monoxide that crj-stallize out of 
saturated solutions of the unst.ablc alkali plumbites which are the primar}' corrosion 
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products of alkaline attack on lead If detected before failure of the cable, the action 
usuallj can be stopped bj removing the «ource of the alkali and thoroughlj flushing 
the cable conduit with water 

Chlorides 

Chlorides m dilute 'olution mav have a mildly accelerating influence on «heath 
corra ion ow ing in part to the increase in electrolj tic conductance which is produced 
and m part to the destructive action of chloride ions on protective films produced 
bj other constituents which are present However in solutions in which the concentra 
tion of chlorides approaches that of sea water corrosive action appears to be reduced 
probably because of chloride film formation and the reduction in 035 gen solubility 

Acetic Acid 

The «evere action on lead produced by dilute organic acids particularly acetic acid 
has Jong been known - In the presence of the carbon dioxide of the atmosphere the 
product IS the pigment white lead This forms as a porous white incrustation over 
the surface of the sheath The corroaivencss of air laden with acetic acid vapor 
depends upon the fact that the corrooion cells in this case do not become polarized 
or suffer reduction m voltage during the cour e of the action A constant source of 
hydrogen ions is provided by the acid the precipitation of lead ns carbonate by the 
action of carbon dioxide maintains a low concentratioQ of lead 10 ns and oxygea 
depolarizes the cathodic areas The carbonate or basic carbonate is precipitated at 
an appreciable although very small, distance from the metal surface, and offers no 
hindrance to the corrosion 

Soils 

The action of soils in setting up oi^gcn concentration cells at points of contact 
of «oil particles with sheathing has been mentioned The activity of these cells 
depends largely upon the texture of the soils® In coarse soils the corrosive action 
may c u;«e perforation of the sheath whereas in soils of fine silly nature there maj 
be little or no attack In the latter case the relatively smaller cathodic area becomes 
so highly polarized that the cells are maintained in a polarized state m «pite of the 
depolarizing action of the oxy gen present in soil air It may be observ ed incidcntallj > 
that as soil particle size decreases the environment at the metal surface becomes 
increasingly homogeneous until ultimately differential aeration disappears 

The corrosion resistance of underground cables depends principally upon the 
presence of silicates, carbonates and to a lesser extent sulfates which induce passivitj 
by a process of anodic polarization that is formation of protective films The silicate 
ion appears to be the most important single protective constituent although there w 
evidence that the carbonate ion exerls a narked retarding influence on corrosiom 
It scorns likely that inliibitive effects of these components are additive 

Anahses of water samples from cable manholes and subways have shown silicate 
contents of 2 to 143 ppm The rate of corrosion of Pb-Sb cable sheathing in distilled 
water to which waj> added about 10 ppm of silicate ion (derived from a su pension of 
acid washed silica flour) has been found to be 5 mdd as against S5 mdd in dL'tillcd 
water Similarly epccimcns of shrathmg arc not appreciably attacked m saturated 
solutions of calcium silicate which contain less than 10 ppm of silicate ion The 

* R. M IlumsttndD A Fr»«l J Am l»‘t Eire FngTt Vt 576 (1028) 

* It M Ilurna and I> J Salley JnL Eng Cirm SX 293 (1030) 
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corrosiveness of certain natural waters has been greatly reduced by the addition of 
only 10 ppm of sodium silicate (expressed as silicic acid)."* 

Carbonate ions derived either from the soil or soil atmosphere are invariably 
present in the underground cable plant. The protective quality of the carbonate 
(or possibly basic carbonate) film may be somewhat reduced by the higher carbon 
dioxide content of soil air. Laboratory studies of the treatment of natural water 
supplies with small concentrations of lime have indicated a reduction in the pltimbo- 
solvent character of the.se waters, probably because of the removal of free carbon 
dioxide.-’’ 

The re.sults of laboratory immension-type corrosion tests* carried out on lead and 
lead alloy cable sheathing in water .samples taken over a period of years from a large 
number of cable conduit and manholes at locations where observations had been 
made on the condition of the sheathing may be summarized as follows: 


Corronon Conditions 
Markedly' corrosive 
Mildly corrosive 
Non-corroaivc 


Loss in WciffhC in Test 
>75 mdd 
20 to r>0 mdd 
<10 mdd 


Tins correlation of laboratory tests and field experience is not concerned with 
corrasion induced by stray electrical currents, which is determined more by electrical 
ihan chemical conditions. 


STRAY-CURRENT CORROSlONt 

In the era of street railways, the commonest kind of corrosion was that resulting 
from the flow of electrical currents from the sheathing to earth. Prevention of stray- 
current corrosion now as in the past depends upon maintenance of the cable sj'stem 
at or near earth potential by bonding to other underground structures and the use 
of electrical drainage if nece-^sary. (See AppHcalion oj Cathodic ProtPcLion, p. 935.) 

In stray-current corrosion the cable has the general characteristic.s of an anode, 
whereas the cathode is .some remote structure. The potentials of this largo-.scale coll 
may be and generally are greater than those of electrolytic-type corrasion cells. The 
electrolytic resistance of the path will depend upon soil moisture conditions, presence 
of ground waters, and their alkali, acid, or salt contents. 

The corroded area of the sheathing may be clean-cut pitting or burrowing or it 
may bo roughly etched. There may be evidence of brown lead peroxide or of white 
salts, particularly chlorides. 


PROTECTIVE COATING OF BURIED CABLES 
In sparsely inh.abiled areas it is sometimes more economical to bury cables direct^’ 
in the soil. A suitable coating for protection against corrosion in those cases is com- 
posed of asphalt-impregnated paper next to the sheathing, followed by one or more 
layers of jute impregnated with a preservative compound, and, in some cases, steel 
tape over the final layer of jute. The structure is flooded with asphalt before and 
after each serving of paper and jute. The steel tape is employed whore danger of 
induction from power lines or depredation by gophers exists. 

• In tliii t/'«t tliD inct.allic specimens nrc scratcli-brushed, wciRliccl, dDKrca«cd, rinsed, and placed in jars 
of natcr saniples open to laboratorj- air. The volume of -natcr is 1 liter for 1 sq dec. of metallic surface. At 
the concludonof the te«tthe specimens are rinsed, dried, and neiched. Corrosion products when present 
in these testa are loosely adherent and readily removable. The period of exposure is usually 18 to 48 hours, 
althouah loncer periods have been u“ed, 

t liefer also to chapter on this subject, p. GOI, 

^ J. C. Thresh, Analyst, 47 , 4,W (1022). 

‘ It A. G. Tjddianl and P. 11. Uanl.es, J. Sor, Chrm. Iml,, 63, .39 (1944). 
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ALUMINUM AND ALUMINUM ALLOYS 


R. B. Me/\rs* 


Gases 

Aluminum (m.p., 660° C, 1220° F) is highly resistant to corrosion at elevated tem- 
peratures when exposed in dry atmospheres containing air, oxygen, nitrogen, carbon 
dioxide, hydrogen, or most other common gases (other than the halogens or their 
compounds). A thin film of reaction products forms on the surface of the aluminum 
when exposed to certain of these gases (especially oxygen), and this film is highly 
protective. 

In the presence of water vapor, there is little increase in action at temperatures up 
to about 350° C (700° F). However, upon exposures to atmospheres containing both 
oxygen and water vapor above this temperature, internal oxidation of certain 
aluminum alloys may occur. The aluminum-base alloys which are most susceptible 
to such internal oxidation are those which contain appreciable amounts of magnesium. 
The other aluminum alloys are definitely less susceptible. This phenomenon has 
been noted most frequently at heat-treating temperatures (above 480° C [900° F] ) .i 

The presence of small amounts of suljitr dioxide increases the susceptibility of the 
alloys to internal oxidation, whereas appreciable amounts of carbon dioxide inhibit 
this form of attack. Small amounts of proprietarj’- compounds arc also effective and 
are widely used in conditioning the air in heat-treating furnaces. 

Most aluminum alloys are highly resistant to hydrogen sulfide either alone or 
when mixed with air and water vapor at elevated temperatures. 

Slea7n causes a definite protective white film to form on aluminum alloys. This 
film is highly protective at temperatures up to 180° to 250° C (350° to 500° F). At 
temperatures above this range, under some conditions at least, the steam reacts 
with aluminum with the formation of aluminum oxide and hydrogen. 

Molten Salts and Molten Metals 

Aluminum-b.ase alloys resist the action of many', nolten salts which, arc nearly 
neutral in reaction. The Duralumin-type alloys are frequentlj' heat-treated by 
immersion in molten sodium nitrate (or mixtures of sodium nitrate and potassium 
nitrite) at temperatures in e.xcess of 500° C (900° F). 

Molten metals generally attack aluminum alloys. The melting points of many 
metals arc above those of the aluminum-base alloys so that melting of the aluminum- 
base alloys occurs if the exposure period is at all prolonged. Molten zinc readily 
alloys with and dissolves aluminum so that, although the aluminum does not melt, 
its characteristics are completely altered. Molten lin is somewhat similar to molten 
zinc in its behavior, although the action is Ic^s rapid. Molten lead is quite inert at 
temperatures below the melting point of the aluminum. Molten lead baths are 
sometimes used for heating aluminum alloys. 

• Dpvrlopmcnt Divi.<!ion, Aluminum Company of America, New Kensington, Pa. Present address; 
Kescarch Laboratorj*. Camegie-Illinois Steel Corp., Pittsburgh, Pa, 

^P. T. Stroup, ControUed Atmasphercs, pp. 20r-220.Amcrican Society for Metals, Cleveland, Ohio, 1942. 
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Mercury Tvhich maj be con-idered to be a molten metal amalgamates readilj 
at room temperature with alummum aUo>s if their naturallj formed otide films are 
remo\cd or scratched Once a 'mall area of the alummum has been amalgamated 
rapid corrosion will occur if the material is sub equentlj exposed to moist air or 
water In man> cases the amalgamation of stressed alummum allo> articles will remit 
in cracking ■'ince the mercurj penetrates into the aluminum alloy selectively at 
grain boundaries thus weakening the material 

CHROMIUM 

See ^lcAe^ and Chromium Coalings page S25 


COBALT ALLOYS 
W A laatEK* 

The commercial cobalt ba«e alJoj* contamiQg chromium and either tungsten or 
moljbdenumt are moat effective when u«ed at elevated temperaturea because the> 
lose less of their inherent hardneN» while hot than other usable allojs Heating to 
temperatures of 1000* C (1830* F) or 1100* C (2010* F) for reawonablj «hort periods 
of time has no permanent effect vpon their original hardness and strength For 
example at 1000* C (1830* F) the Grade Ct has a hardness of 70 Brinell and a tensile 
strength of 36 000 psi but return^ to normal properties (360 Brmcll and lOoOOO ftei) 
at room temperature The allovs are e pecialU rc-i tant to high temperature creep 
This thermal stabilitj has made them u eful not od}> for cutting tools but al o for 
other applications «ub]ect to wear and cro. ion and their resistance to chemical attack 
makes them capable of witl tandiog combined wear and corro.iOQ 
As 'uch alIo3S are made of expensive material® with high cost of fabrication thej 
are most frequently used m the form of <maU castings or os welded coatings applied 
to the particular part or surface that needs protection Some of the allojs can be 
forged and rolled but with difficulty 

Air 

\\ hen heated in air, the alloy/bcpm to tami h on short exposure at 400* C (750* F) 
and lose appreciable weight at temperatures of 7o0® C (13S0* F) or higher The loss is 
difficult to determine accuratelj «mcc the protective and tightlj adl ermg scale that 
usuallj forms after the fir^t initial loss prevents further oxidation At temperatures 
above 1000* C (1S30*F) scaling maj be progrevive Moisture =erms to have but 
little accelerating effect an 1 wear bj impingcmcot ®uch as is encountered m valves 
and turbine 'en ICC is companitivelj moderate 
Table 1 gives tjpical data on the effect of heating these allojs in air \t the end 
of each test the samples were wire-bruslcd to remove all Joo«e material and then 
weighed It will bo 'ccti that the lo&s at 850* C (I5G0®F) although fairlj high on 
the first 24 hour expo ure (lccrca.e® and in fact ®omc specimens «how a gam after 
72 hours In tl o longer pono 1 of exposure the samples become coated with an 
impernous adherent laj cr of oxide 
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Table 1 . OXIDATION OF Co-Cr-W ALLOYS 
Tests in Air 

Speejmen site — 1.3 X 2.5 X 5 cm (H X 1 X 2 in.). 
Surface — ground. 

Heated in electrical muffle furnace. 

Weiclit loss in mdd. 



Compositio 

a 


750° C (1380° F) 

850° C (1560° F) 


Cr 

W 

C 

Co 

24 Hours Exposure 

24 Hours Exposure 

72 Hours Exposure 


30 

4.S 

1.10 

Bal. 

98 

705 

196 gain 


30 

8 

1.30 

BaL 

11 

365 

350 


31 

13 

2.50 

BaL 

98 

970 

76 gain 


32 

17 

2.40 

Bal. 

73 

875 

204 


Steam 

High-temperature steam will oxidize the surface of the alloys, but the action is 
not progressive. Grade 6 is commonly used for valve trim and other accessories 
operating at high temperatures and pressures. Quantitative data on weight loss are 
not available, but UTrical examples include a control valve handling steam at 650 
psi and 455° C (850° F), which was still in satisfactory condition after 8 years of 
continuous service, and another handling steam at 1350 psi at 495° C (925° F), which 
was found in perfect condition after 2 j’ears of service.^- 2 

Steam turbine blades, especially those in the last row where the erosion is most 
severe, are usually protected by a sheath of rolled Grade 6 alloy fastened over the 
leading edge. Comparative tests show the superiority of the Co-Cr-W alloy for such 
service.3 

Htdrogen', A-taroCTA, Htdrocarboxs 

Hydrogen at high temperatures, and dried to avoid oxidation of the alloys, will 
decarburize the surface with a resultant slight softening, but with little decrease 
in the ability to resist erosion. Decarburizalion is extremely slow below 1000° C 
(1830° F). 

Heated in nitrogen, the alloy may absorb the gas to a slight degree but no scaling 
or deleterious effects occur. Ammonia may both decarburize and nitride slightly, 
neither action affecting the ability of the alloy to resist corrosion and erosion. Many 
hydrocarbon gases will slightly carburize the alloy with no effect except that if the 
action is excesive the melting point will be slightly reduced. 

Molten' Salts 

Molten salts, especially those that act as flu.xes with respect to chromium oxide, 
may cause progressive attack. Alkali carbonates and hydroxides are especially active 
in this way, and valve failures may occur in superheated steam installations if sodium 
compounds are allowed to collect and remain molten on the seating surfaces. The 

^ R. L. Lerch. “Reducinf: Valve Wear by Hard Facing." Pevrr Plan! Eng., 47, 71-73 (March. 1943). 

tv. F. Crawford and L. H. Carr. '■Weldinc in the Manufacture of Valves," n'eldina J. 18 7 ia- 7 !)'> 
(Noveraber, 3939). * ' 

’ C. Richard Soderberc. "Turbine Blade Erosion," Elec. J. (December, 1935). 
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degree of attack under these conditions seems to be more se%ere than if the samples 
were completely immersed in the molten ealts. 

Use ron Voltes 

The Co-Cr-W alloj-s ha\ e been crtensii ely used for the seating surfaces of aircraft 
and automotive engine vaUc", in which service they insure a tightly fitting valve for 
a comparatively long period of time Laboratory tc'ts for this service have been 
made b} heafmg a specimen m contact with htharge at temperatures up to and above 
tho'e at which the engine valve operates The nature of such tests precludes the 
collection of exact quantitative data, but shows that at temperatures up to 650’ C 
(1200’ F), the Co-Cr-H’ allojs, especially Grade 6, are very resistant to oxidation< 
Recent experiments indicate that the results of this test are greatly influenced by the 
atmo'phere of the furnace and that m non-oxidismg gases, such as nitrogen, or engin*. 
exhaust gas, the attack on this particular alloj t, still further reduced. 

The 65% Co- 30% Cr-5% Mo Allot (\^rrALLitJ>r) 

This alloy has excellent high-temperalure properties similar to those of the 
Co-Cr-W alloja Its moot recent ite u in the form of investment-caot buckets for the 
turbosuperchargers of aircraft motor* Tbeoe buckeU are subject to erosion bj hj^- 
velocity exhaust gas from leaded fuels and high-tensiIe stres'es at the elevated 
temperature at which the turbine operates’ (approx 730* C (1350* F]) 


COLUMBIUM 

CUIREVCB W BvlEE* 

Heated in air, eolumbiuin becomes coated with oxide films which graduallj change 
color with increasing temperature They become visible before anj increaoe m weight 
can be detected, as shown m Table 1 

Table 1. CORROSION OF COLUMBIUM IN AIR 
Sue of tp«e '—approx. 40 •4 cm (6.2 aq la.} of aurfooe. 

Siieel O t Bun (0 (KM to.) (tuct 
Duration of l*»t— 20 hr 


Temperature 

Gam m 

Weight 

Color of Specimen 

•c 

•F 

indd 

ot/*q ft/day 

ISO 

356 

0 0 

0 0000 

Very faint jellowish tmeo 

215 

419 

0 0 

0 0000 

Pale yellow 

230 

4i6 

0 2 

0 0001 

Diatinet jelloa 

2C0 

600 

0 S 

0 0002 

Bright braaa jcUow, aome purple apota 

2S0 

530 

1 2 

0 OOOl 

Purple, bright blue, and >ellow area* 

300 

572 

] 8 

0 0006 

Bright blue 

325 

617 

4 4 

0 0014 

Greeniah blue 

3A) 

CC2 

6 7 

0 (KC2 

Darker greeniah blue 

390 

734 

7 C 

0 0033 

\ ery dark, whiu oxide forming 


* FacatMt Mttallurpeal Corporation, Kortb Chteaeo, IQ 

* S. D HeroB.O E. Harder, and VJ IL Vrator.EzSaud I’oIm jl/airrviti/or/niemaf-Coin&uilvifi Enffi'xi. 
f*nnpo«iam on Kow Mairnals lo Tran>portatK>i>,AiprrKu Society (or Teetinc Maienala, March 6, 1^*) 

* A W. Memck, ‘ Precuion Caitinsi of TotboMpcrtharsrr Bucketf.” /ron Are, IBS, 63-56 (Feh 10. 
1941) 
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Table 2 gives data covering the absorption of various gases by columbium. The 
elongation of the test specimens shows the effect of gas absorption on the ductility 


Table 2. EFFECT OF VARIOUS GASES ON COLUMBIUM AT ELEVATED 

TEMPERATURES 

Size of Bpec. — Btripa of aheet 0.10 X 6.3 X 127 mm (0.001 X 0.25 X 5 in.). 


Temperature ^ 

Duration of 

Gain in Weight, 

Gain in Weight,' 

Room Temp. 

°C 

op 

Test, hr 

gram j 

% j 

Elongation, % in 1 in. 


Hydrogen 


200 

424 

5 

0.0000 

0.000 

(Original 10.1) 16.7 


482 

3 

0.0000 


17.0 


672 

5 

0.0000 


15.0 


6G2 

5 

0.0017 

0.025 

14.9 

400 

752 

1 

0.0034 

0.04G 

14.4 

400 

752 

2 

0 0017 




752 , 

3 

0.0065 

0.008 

4.5 

Partial embrittlement 


Nitrogen 


300 

572 

5 

0 oooo' 

0.000 

(16.1) 14 2 

400 

762 

1 

0.0030 

0.048 

7.8 


Air 


350 

002 

5 

0.0045 

0.008 

(20.1) 13 

Oj^gen 

350 

002 

5 

0.0034 

0.052 

( 20.1) 22 9 


of the metal. It is interesting that oxygen has less effect on this property than air. 
Nitrogen penetrates the metal, whereas oxygen produces only a surface effect at 
these temperatures. 


COPPER AND COPPER ALLOYS 
TBEDEniCK N. Rhines’*' 

General 

Copper and its alloys are attacked b5'- hot oxygen, sulfur vapor, sulfur dioxide, 
hydrogen sulfide, phosplioru.s, halides, and some acid vapors; they are generally 
inert toward hot nitrogen, hydrogen, carbon monoxide, carbon dioxide, and reducing 
gases except so far as cyclic exposure to these may accelerate oxidation. Oxygen- 
bearing copper is embrittled by hydrogen, dissociated water vapor, and dissociated 
ammonia (hydrogen disease). Copper alloys annealed without proper precleaning 
may develop “red stain.” 


OXIDATION OF PURE COPPER 
Te.mperature and Pressure Limits 

The oxide sc.ale which forms upon copper at elevated temperatures (under 1025° C 
[1875° F]) in air is composed of a relatively thick inner layer of CueO (ruby red) 

• Metals Research Ijiboratorj-, Carnegie Institute of Tcclinology, Pittsburgh, Pa. 
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and a very Ihm outer la^eT of CuO (bladv) (Fig lb) Dissociation pTfisnires of Cu^O 
and CuO appear m Tables 1' and 2 respectnclj Ettrapolaled \ alues of the dissocia- 
tion pressure from 500® to 1000* C, Table 1, although probablj inaccurate, will serve 
to indicate roughl> their order of magnitude at u-ual working temperatures la 


Table 1 DISSOCIATION PRESSURE OF CujO 


Temperaturt 
•C “F 
SCO 932 
600 1112 
700 1202 
SOO 1472 
900 tC^ 
1000 isa2 

1064 1347 
lOOO 1394 
1150 2102 

12u0 2282 

13opO 24C2 


Prttsure mm Hi 
6X10 

5 X 10 extrat>olBted 

6 X 10”^’ extrapolated 
2 X 10“* extrapolated 

2 X 10”^ extrapolated 
I X 10”* extrapolated 
1 4 X 10”* 

3 7 X 10”* 

1 4 X 10“’ 

a 0 X io~* 

2 3 X 10”’ 


Table 2 DISSOCIATION PRESSURE OF CuO 


Temperature 
•C «F 

900 I6S2 
SaO 1742 
1000 1832 
1010 1850 
1020 IS68 
1030 1886 
1040 1904 
lOoO 1922 


Preaeure mm He 
lo 8 
37 5 
99 
121 
143 
171 
201 
239 


H 

m 

m 

' 1 








1^^ 

iHHHi 



Ksai 


a 

b 

c 

d 

e 

/ 


Fio 1 TjTies of Scale Forimne upon Copper and Its AIlo>s at High Temperatures 

(a) Pure eopper oxidued at low pressure or id air aboxe lO’o* C (l87i>® F) (4) Pure copper oxjd ted 
in air below 102o* C (lS7u" F) (e) Cu Ak alloy (Class I) < iidized in air (el) Dilute Cu-Si alloy (Claes 
II) oxidizol 10 air aboxe 700* C (1290* F> (e) Dilute Cu alloy (Class It) oxidized in air at 600° C 
(1110° t ) or below (J) 1 ellow brass (Class III) oxidized in a r 

practice, oxidation is often inappreaable at pre^ures well above the theorcticnl 
minima Above 1025* C in the atjnoxphere, CuO does not appear in the oxide scale 
on copper (Fig la) 

P Allen and T Hewitt / 7nrt MtUiU SI 257-272 (lljai 
*H W Foote and E K Smith J Am Cfcem See SO W4l 11^(1908) 
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Crystaj. Habit 

Complex cubic CuoO crj’stals grow with their cube axes parallel to those of the 
parent copper cr^'stal.® Prolonged growth with recr 3 'stallization destroj’s this relation- 
ship; thick CueO scales are usually coarse grained. No ciystallographic relationship 
between CuO and its parent CuaO crj'stal has j’et been found; CuO is normally fine 
grained and of random orientation. 

Initial Eate of Oxidation 

At relatively low temperatures (100° C [210° F]) the initial oxide film on pure 
copper increases in thickness linearlj' with the logarithm of time,"* and there is an 
abrupt increase in the rate at a thickness of 
about 2 to 4 X 10“® cm. There is an irregu- 
lar increase of rate with temperature and a 
rapid increase of rate with pressure up to 
12 mm Hg, after which a decrease with 
rising pressure to a steady rate above about 
150 mm Hg is found. The rate also varies 
with the crj’stallographic orientation,"* ac- 
counting for the temper color differences 
observed among the grains of tarnished 
polycr 3 -stai]ine copper. 

Subsequent Rate of Oxidation 

Beyond temper film tiiickness the rate of 
oxide film growth (Fig. 2) is described approximately by the parabolic equation : 

W~ = kl ( 1 ) 

where TT^ is the weight increase (or equivalent thickne.'s of film), t is the time, and 
k is a corustant. There are significant differences among the oxidation rates found bj’- 
various investigators, but the values reported bj' N. B. Pilling and R. E. Bedworth”' 
appear to be most widelj' accepted (Table 3). The rate increases with temperature 


Tahle 3. VALUES OF THE CONSTANT fc FOR PURE COPPER 
Use with Eq. 1 expressing TF in grams per sq cm and I in seconds 


Pure O.xj-gcn 

Air 

Temp., ® C 

h X 10'® 

Tenap., “ C 

h X 10'® 

4(X) 

0.014 


8.03 

500 

0.41 


79.7 

COO 

3.24 


336 

700 

IC.O 

. 1000 

1350 

SOO 

80.9 



900 

349 



9.50 

730 



1000 

1780 




’ IL F. .Mehl, F. 1.. MrCamtle*'!, and F. N. Rfiines, XatuTC, 134, KXW (W34). 

* B. Lu'»tr»an and R. F. Meld; Tran?. .Itti. Jn^t. Affnina AftL Enprj?,, 143, 24G-2G7 (1911), 

* N. B. Filling anil R. F. Fcdaorili, J In 1. XrtaU, 29, 329-352 (1923). 



Fig. 2. Weight Gain of Pure Copper 
Oxidized at 800° C (1470° F) in Air. (From 
' Pilling and Bednorth.) 
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///GH TEMPERATURE CORROSION 



n-here T is the absoJute temperature a and 6 are constants and IT and t have their 
previous significance A shaded area m Fig 3 denotes the range within which rates are 
\ariable owing to «palhng at intermediate temperatures At SOO® C (1470* F) the 
rate has been found to increase rapidly with oxygen pressure up to about 03 mm Hg 
be> ond which the effect of pres ure is small (Pig 4) There is little difference between 
the rates of oxidation m air and in pure ox>gen at normal pressures 



Fio 3 Rato of TV eight Gam of Pure Fio 4 Rate of eight Gain of 

Copper Oxidised m Oxygen or in Air versus Pure Copier at S00*C (14"D'F) 

Tcaiporature /From Piliing and Bedworth ) » ersus 0*> gen I ressure (From Pill 

*ihaded area represents range of var at one reevU mg find Bedworth ) 

mg from spall ng 


Oxidation adovl 10Go'’C 


Above 1065* C (19o0® D in air or oxjKvn pure copper develops Brain boundary 
and rosette liquation (Cu CuoO eutectic liquid) as oxygen diffu es inward The 
rate fhougfi inown to 6e v erj high has not 6cen reported Dpon suAsequeof coalag 
a network of solid Cu.O Cu cutcctic remains at the gram boundaries 


OXIDATION OF COPPER ALLOTS 

Classification 

^ilh respect to their oxidation behavior the allots of copper raaj be divided into 
three more or less distinct clas-es 

AUojrs with the Noble Elements Tlic scale is similar to that on pure copper but 
with metallic inclusions of the noble metah (Fig Ic) There is a subsurface enrich* 
ment of tlio noble metal in the copper and the scale carries a dcficienc> of the noble 
metal 

Dilute Alloys with the Baser Elements (a solid solution up to a maximum of 
20^^ of the allowing agent ) The usual layers of CuO and CuzO form with an addi 
tional lajer of an oxide of the ba er metal between the CujO and the allo> A 


K VV FrOI eb Z ifttaUkurxU 8S %(13 37S (103ft) 
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subscale composed of particles of an oxide of the baser clement deposited within a 
matrix of copper occupies a zone just beneath the surface of the metal. When formed 
at and above 700° C (1290° F), the oxide of the subscale is distributed throughout the 
copper grains (Fig. Ic?) ; when formed at 600° C (1110° F) and below, the oxide of the 
subscale is chiefly located at grain boundaries (Fig. Ic)." There is depletion of the 
metal in the allojdng component and corresponding enrichment of the external scale. 
In extreme cases the withdrawal of the alloying component from the metal produces 
holes within and beyond the zone of oxidation. 

Alloys Rich in the Baser Elements. The normal CuO-CueO scale is usually 
absent. There is a relatively thin external scale composed of an oxide of the baser 
element and in addition a subscale, commonly of the gi-ain boundarj' typo (Fig. l/).s 
Depletion of the alloy and enrichment of the scale occur as in the second class, but 
the first effect is frequently less pronounced than in the second class. Exceptions are 
not uncommon; for example, Cu-Ni alloys form CuO + NiO instead of simple NiO 
external scales.® 

Rates of Oxidation of Alloys 

In general, the regular oxidation laws (Eqs. 1 and 2) appl.v to the rales of “total” 
oxidation of the alloj'S and also to the rates of growth of individual layers in a 
complex scale. Irregularly accelerated rates accompany spalling and liquation of the 


Table 4. VALUES OF THE CONSTANT k FOR COPPER ALLOYS OXIDIZED 

IN AIR AT 800° C (1470° F)* 

Use with Eq. 1 expressing W in grams per sq cm and I in seconds. 


Composition 

k X 10'“ 

Composition 

k X i6'“ ■ 

1.0% Al 

23.1 

0.05% P 

75.0 

2.5% Al 

0.925 

0.54% P 

251 (irregular) 

3.0% Al 

0.231 

2.4% Sb 

45.0 

9.5% As 

5-15 (irregular) 

0.5% Si 

00.9 

i 0.38% Be 

28.0 

1.8% Si 

14.8 

1.0% Be 

3.80 

3.0% Si 

14.8 

2.4% Be 

0.0578 

2.8% Sn 

75.0 

j 1.0%Ca 

39.2 

S.0% Sn 

3.7(7) 

' 5.0% Ce 

108 

20.0% Sn 

0.925(7) 

2.0% Cr 

112 

4.0% Ti 

33.2 

7.75% Fo 

52.1 

5.0% Zn 

45.0 

0.07% Li 

28.0 

20.0%, Zn 

1.44 

0.7% Mr 

33.2 

40.0%, Zn 

3.70 

2.70% Jig 

0.231 

5.2% Ni + 0.38% B 

20.8 

5 0% Mn 

59.2 

7.0% Ni -f 0.5% B 

11.3 

j 1.0% Ni 

45.4 

0.1% Sn + 0.&1% P 

52.1 

1 20.0% Ni 

( 

GG.5 

Pure Cu 

45.4 


' ♦ K. W. Froheh, Z. Mctallkunde, 28, 3GS-375 (I93G). 

I 


oxide (Ce, Cr, P, As). Retarded rates result from the growth of a "protective” o.xide 
film (Al, Bo, Sn, Zn). A compilation of “total” oxidation rates in air at 800° C 
(1470° F) is presented in Table 4. These rates arc to be compared with the accom- 
panying oxidation rale for pure copper, which is smaller than that given in Table 3. 


^ F. N. Rhincs, Trant. .tm. Tnsl. ^^inina ^kfl. Enffrs., 137, 2in-2S0 (1910). 

* F. N. Rhinos and B. J. Nelson, Trans. Am. Inst, itining Met. Engrt., 166, 171 (1944). 

• S. Miyake. ScientiGc Paper, Inst. Vhys Chem. ItescareK (To/.yo), 31, 101-173 (1937). 
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Table 5 


■\ALUES OF THE CONSTANTS o', AND b' FOR COPPER ALLOY'S 
O^aDIZED IN AIR 

U«« ^th Eqs 3 and 4 expressing \ m centimeters and ( m reconds 


Composition 


0 03' 
0 17' 


A1 

A1 


0 45 ‘"o 


A1 


0 72% A1 
0 Oo%B 
0 10% Ba 
0 013% Be 
0 0i>l%Be 
0 101 % Be 
0 01% Ca 
0 01% Cb 
0 01% Ce 
0 14% Co 
0 03% Co 
0 10% Fe 

0 56% Fe 

1 62% Fe 

2 65% Fe 
0 03% Ga 
0 03% Ge 
0 36% In 
0 03% L> 

0 10% M* 
0 033% 'In 

0 42% Mn 

1 5o% Mn 
0 115% Ni 
5 0% Ni 

0 03% P 
0 07% P 
0 WeP 
0 03% Pb 
0 076% Si 
0 3% Si 

0 59% Si 

1 93% Si 
0 31 % So 
0 10%*=? 

0 01% Ta 
0 0 j%Ti 
0 09% 4 
0 16% Zn 
0 21 % Zn 
0 16% Zr 


External Scale 


^abecale 


Temp * C 


750 

7j0 

S7o 

7i>0 

87a 

1000 

1000 

1000 

1000 


1000 

1000 

lOOO 

1000 

1000 

1000 

1000 

1000 


1000 

875 

1000 

1000 


1000 

7oO 

750 

875 

750 

S7o 


1000 

1000 


i Xio** 


42 5 
2a 4 


390 
63 S 
316 
1690 


1 215 


1130 

1720 

1610 


1830 

1310 

1790 

2070 

1400 

1110 

13a0 

1590 


1660 

446 

2740 

1780 


—12 140 
-10 420 
— 13 4S0 
—11 ISO 
-14^ 
-119S0 
— lOOSO 
—10 250 
-10 870 
—10 600 
-11910 
—10 390 
-10 730 
-10 630 
-10,310 
-158S0 
—10,210 
-IIJOO 
—10,330 
-11 830 
-10 710 
-10 6-0 
—10 570 
—11 no 

—13 710 
—12 050 
—11700 
— 1IB30 


2 015 

2 762 
4 24S 

3 492 

4 4S7 
2 572 

1 955 

2 6S1 

2 954 
2 812 

3 834 
2 620 

2 072 
I 533 

0 878 
7 135 

1 790 

3 274 

3 on 

3 362 

2 765 

1 648 
1 186 

3 660 
3 510 
3 703 

2 955 
1 749 


184 
21 1 
28 4 
341 
23 0 

in 


1690 

2250 


—10 680 
—10050 

—8 950 

—7 010 
—11320 
—11 140 
—10310 

—13 000 


2 181 
0 952 

—0 331 

—2 667 
3 536 
3 344 

3 000 

4 492 


1000 


1800 


—12 160 

—11 no 
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Binary brasses in the range 14 to 20% zinc behave abnormally .1° Some measurements 
of the individual rates of external scale and subscale growth upon the second class of 
alloys in air at temperatures above 700° C (1290° F) are recorded in terms of the 
increase in thickness in Table 5.^^ These data are to be employed with the oxidation 
laws written in the forms: 

(3) 

and 

logY=| + ^ (4) 

where X is scale thickness (instead of weight increase as in previously mentioned 
cases). Below 700° C (1290° F) the rates of subscale growth are irregular. As the alloy 
concentration increases, the rate of growth of the subscale diminishes rapidly. The 
rate of growth of the external scale usuallj' decreases more gi-adually. 

Protective Measures 

Reducing or completely neutral atmospheres prevent oxidation, but atmospheres 
containing hydrogen, water vapor, or ammonia should not be used with copper con- 
taining oxygen except in very short heat treatments at relatively low temperatures 
(425° C [800° F] maximum). 

It is possible to form a subscale upon a dilute alloy in an atmosphere that is just 
non-tarnishing with respect to pure copper. This may interfere with bufEng and may 
also lead to the appearance of surface cracks during subsequent working operations. 
Either strongly oxidizing or fully reducing atmospheres are to be preferred in such 
cases. 

REACTIONS WITH OTHER GASES (AND LIQUIDS) 

Steam 

The only important effects of water vapor on record are to induce "hydrogen 
disease” (see “Hydrogen,” p. 029) and to accelerate the attack by sulfur compounds 
(see “Sulfur,” p. 628). However, wet steam at high velocities causes severe attack. 
(See p. 83.) The ratios of steam to hydrogen that are just oxidizing to copper at 
various temperatures are given in Table 6. 


Table 6. EQUILIBRIUM CONDITIONS FOR THE REACTION:* 
CujO -f- Hz ^ 2Cu -b HzO 

Partial Pmsare HiO 

TrmperatuTt Ralto : 

o Q op Partial Pressure //j 

450 842 19 (from Wohler and Balti) 

900 10,52 50,100 (from Maier) 

950 1742 34,700 (from Maier) 

1000 1832 25,100 (from Maier) 

1050 1922 18.000 (from Maier) 


• M. RandaU. R. F. Nielsen, and G. H. West, Jnd. Eno. Chem., 23, 388-400 (1931). 

J. S. Dunn, J. Inst. Melalt, 4S. 25-48 (1931). 

" F. N. Rhines, W. A. Johnson, and W. A. Anderson, Trans. Am. Inst. Mining Met. Eni;r»., 147, 205- 
221 (1942). 
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Carbon Dio'Ode, Carbon MoNO'aDE ufD Htdhocarbon Gases 
The gaseous compouiKL of carbon are generallj inert toward copper and its alloys.* 
Some carbon ma^ be absorbed by alloys hi^ m mangane e and mciel (See also 
C% clic Oxidation and Reduction p 630 ) 

Sulfur Sulfur Dioxide, A^^> Hydrogen Sulfide 

Sulfur and iLa gascoua compound:> attack copper m a manner do elj rc«cmbUng 
oxidiijon Scales composed of Chto and Co-S are formed^ in thickness ratio 3 5 
Growth generally lollows the parabolic relation ^ 's (Eq i) The ratca of grewth 
are greater and inc’ea e more rapidly with temperature than thO'C of oxidation 
Hidrogen *uli5de and ^I/ur form 'imple <Tilfide<ca!e whereas «ul/ur diosde froduces 
mixed oxide and «TalBde «cale» according to the reaction 

6Cu + SO,5=± Cu.*S + 2CU.0 

Equilibrium temperatures and presnirea for tbl* reaction appear in Table 


Tabix 7 EQtTILtBRlUM CONTMTIONS FOR THE REACTION 
6Cu 4- SO» » 2Cu O + CuiS 


Tmp*ntUTt 

•C ‘F 
500 

GOO in 
■00 1*^ 
■30 me 

SCO u-» 
000 IC.^ 
1000 1X3- 


PrttfVTt nn itp 
30 
133 
Jf' 

TO 

u«o 

aw 

4G30 


\boic 730* C (13o0® F) at one atiDOTbcre prcfsTure no sulfide appears m the scale 
'•mall quantities of sulfur dioxide m flue and furnace ga^e. paxticularh if water 
\apor i» ako pre'ent accelerate oxidation without forming sulfide Alloying gca 
cralh decreases the rate of attack bx sulfur and lU, compounds (Tables 8'* and 9>®) 
Aluminum magne-ium and beryllium are thought to be mot efiectne m tfua 
respect"® I\Tien «ljghtlv oxidized Cu A1 and Cu Be alloys are notably re istant to 
attack bx sulfur ith hich n ckel contents «ulfur i3 atLorbed from hot eulfur dioxi lo 
or hvdrogen «u!Sde and embntlJemcnl rcsulL 


* Hoirerer ethice arxl »n«iKiiie rfev»t*d t«iiipeT»tni« (450* to 6s0* C boO* to 1200* F) ta«y t* 
dwoepoM^i (Qtocarbera «»<1 hjUnveo tht gati*r* cf copper «c<iac at ■ tniiii raulyst. TLe £1 id of ttr- 
boa or fpo* bly topper carbide wh ch forms on ti>e copper HCTfscc peels oS from tune to tune sod rcinoTt* 
some of the metst This process eoausucs notil (be copper is eompfetety disut^rsted. (Ct ThotBss, C 
Eclo3 sad 3 iloirell JtKd.Eag CAesi. 31 109111939)) PnTateeomrouuestioii.C. I.Bulo« 

**& «»UVe J Soc, RUUrInd. {Jap^n} « 401^71 (1930) 

**T XIuTiLsJia sad K. NifassLi. N»ppe» A»>«»s4ti CoZict-n 4 "01 "0* (1940) 

•‘C Tsnsmstia snd X\ Kcoter 2 anarg y. allgnt. Cirm 113 190-""4 (1923) 

** C TsJninAim. Ere tror f*«n «{rf Eays-Baf rt de la Brfftjtie 43 54" 5sl (1923L 
“CM "ubbt.E CArs. Xoc. (FroeK.) 103 144s (1913) 

” M RiodalL IL F N el»ti and C II X\»t /*! £ng Cifm 33 3NS-40O (1931) 

“ O Bsuer mid II XrtKlt Z 1$ S5-« (19"6) 

‘•C ILMeGreeorsndJ R -tept^as PaperTnitJ 97 40-41 (1933) 

**W Bsnlloh »nd XX X\ G Krjsho AfctaJwtK'lkft 1» IS" ICO (1940). 

« L. F Urwe snd G J Thomss. J Jwt. Utbl, 43 21 3S (1939) 
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Table 8. CORROSION OF Cu-Mn ALLOYS BY FREE SULFUR IN PLASTILIN 


Composition, % Mn 

Weight Gain, grams/5 sq cm/5 hr 

30°-10° C (8o°-105° F) 

'l30°C (205° F) 

400° C (750° F) 

0 

0.03G2 

0.0913 

0.0994 

2 

0.0113 

0.0145 

O.OlGo 

5 

O.OOSG 

0.0090 

0.0099 

10 

0.0042 

0.0037 

0.0015 

33.3 

0.0008 

0.0009 

0.0012 

80 

0.0004 

0.0004 

0.0005 

90 

0.0002 

0.0002 

0.0002 

100 

0.0001 

0.0001 

0.0001 


Table 9. CORROSION OF COPPER ALLOYS IN HOT PAPER MILL VAPORS 
CONTAINING SULFUR DIOXIDE 

Temperature — 200° to 220° C (390° to 430° F). 

Atmosphere — 17 to 18% SO 2 + 1 to 2% Oj. 

Time of test — mostly 30 days, some longer. 


Material 

Composition 

Weight Loss, mdd 

Cu 

Ni 

Si 

Mn 

AI 

Zn 

Sn 

D 

Nickel silver 

55 

IS 


. . • 


27 



037.8 

Nickel silver 

05 

IS 




17 


. , , 

074.2 

Nickel silver 

75 

20 




5 



355.0 

Phosphor bronse 

95.5 





. « . 

4.3 • 

0.2 

285.8 

Phosphor bronze 

91.8 

. , 





8 0 

0 15 

394.3 

Bronze 

90.0 






10.0 


220.3 

Niekel bronze 

88.5 

5 

1.5 




5.0 


704.0 

Aluminum bronze 

90 




10 



» • . 

204.2 

Silicon bronze 

94-90 


3-1 

1-1.2 

... 



... 

502.3 


Hydrogen 

Copper and its alloys are not subject to attack by hydrogen except when they 
contain oxygen in some form. When oxygen is present in solution, as free CuoO 
witliin the metal, or as another oxide, hydrogen diffusing inward forms H 2 O under 
pressure and ruptures the metal (hydrogen disease).-- Ca.-t tough-pitch copper 
(containing free CuaO) is most sensitive to hydrogen embrittlement. Cases have been 
observed at temperatures at least as low as 400° C (750° F), and the severity of the 
effect increases with temperature. The most common source of the damaging hydrogen 
is water vapor decomposed by hot iron. (See also “Cyclic O.xidation and Reduction,” 
p. 630.) 

So-callcd oxygen-free coppers are available for use where heating is necessary in 
the presence of hydrogen. These can become slightly sensitive to hydrogen embrittle- 
ment should they bo heated in an oxidizing atmosphere. 

Nitrogen .and Axoionla 

Nitrogen is generally inert toward copper and its alloys. NO 2 and NO promote 
oxidation. Nila present in furnace atmospheres is said to accelerate oxidation. Under 

“ F. N. Rhine* nndW. .A. Anderson, Tram. Am. J ml. Mining Mtl. Engrs., 143,312-322 (1941) 
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conditions where the dL^-ociation of ammonia occurs the hj drogen embrittlement cf 
copper Is encountered ^ (^ee Bj drogen p 629) 

Phosphorus 

■Molten phosphorus attacks copper forming a moderately protectne film"* of 
CuaP \aporized phosphorus reacts Molentb With copper 


Halogens and Halogen Compounds 

Below the melting points of their respectue «:alU chlorine bromine and iodine 
attack copper m accordance with the parabolic reJation"5 (Eq I) At higher tem 
peratures the reaction with chlorine becomes %er> rapid "T \ apors of halogen com 
poundo particular^ HCI accelerate high temperature oxidation the resulting scale 
ma> or may not contain habdes Some molten halogen cowpoandi sho atts:k 
copper"^ 


CiCLIC OXIDATIOV AKD REDUCTION 
Alternate exposure to oxygen and one of the reducing ga^es (H« CO hsdro- 
carbon gases) greatlj accelerate* otidalion by de trojing the protective continuitj 
of the «cale Grain boundary attack is notablj increased C>cbc variations in tem 
peraturc have a somewhat Mmilar effect AUo>3 not ordinarily subject to the 
h}drogeQ disease aia) be embrittled b) alteroatc exposure to oxygen sod h) drogen 


RED STAIN 

\olatile metaU (Zn Cd and «ometimes Pb) arc subject to evaporation from 
allovs during annealing particularly when no protective oxide film is present as m 
bright annealmg Clean bras* 'urfacc* expo cd to hot oxidumg atmospheres lo«e 
only minor quantities of zme but imtiaily tamiebed or dirty surfaces lose zinc rapidly 
in Isolated spots Upon subsequent pickling the dezinced areas remain copper 
colored (red stam) Sulfur dioxide is thought by some to promote red staining 


IRON AND STEEL 
J B Austin* and R V » Gurbt* 

The rate of corronon or «caling of iron or «teel at elev ated temperature is influenced 
by a number of factors those be*t established being composition of the metal and of 

* Research Laboratory U S Steel Corporal on Keaniy N, J 

*»J S Vamet Proe Am Sot Tttixng SlaUmU *4 (II) SIS 372 (19‘’4> 

*' S W Ry»»l£OT end I N Bushroak n Zhvr Pnklad hhxm S 715-721 (1932) 

Sq Tarntnaon Ree fror cA m. 42 S47 S51 11023). 

** L. F Pnec and C J Tbomaa J Jntt 3I*taIt U 21 3S (1938) 

To uae copper in contact wjth taaeoue 3IC1 or Clj the temperature ihould be below 225* C (4J0* F) 
and 200* C <500» F) rtepectjrely (See p 6S2 ) Eomjn. 

P C Rudenald, S/otiiinait orntc B 42 (1936) 
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its environment, temperature of the metal, time at temperature, cleanliness or rough- 
ness of the metal surface, and contact with other materials. Finally, it is determined 
largely by the degree to which the scale formed imder particular conditions blocks 
further action between metal and environment. In the determination of the rate 
of any heterogeneous reaction, it is difficult, indeed often impossible, precisely to 
control all the significant variables; consequently there are virtually no unexception- 
able measurements of an absolute rate of scaling. All observations must therefore bo 
regarded as relative only. Moreover it is difficult to generalize from such data becauso 
each steel or alloy behaves more or less as an individual; it forms its o\vn charac- 
teristic type of scale whose composition and imperviousness are specific to the given 
alloy and atmosphere, to the temperature, and to the length of sojourn at tempera- 
ture. Consequently, even a slight difference in composition of steel or atmosphere — 
for instance, the presence of sulfur or of steam — may exert a substantial influence 
upon the type of scale, and hence upon progress of scaling. Furthermore, in an alloy 
the elements usually differ greatly in tendency to react. Therefore, at the scale-metal 
interface the proportion of the more active element (e.g., chromium, in the case of 
oxidation) may be considerably less than in the body of the metal. All these possible 
differences emphasize the fact that it is not safe to predict even relative scaling 
resistance over a long period of time from observations extending over a relatively 
short period, such as a week, nor in one atmosphere from observations in another, 
nor to extrapolate beyond the temperature range for which direct measurements are 
available. 

INFLUENCE OF THE SURFACE 

Cleanliness of the surface is a factor whose significance is too often neglected. The 
presence of grease frequently causes the scale formed in air to be pourous, hence more 
pervioas than that formed on a clean surface, with a consequent increase in rate of 
corrosion, particularly in the initial stage of the process. Likewise, the presence of a 
particle of silica may result in local formation of an iron silicate which adheres so 
tightlj' to the metal that it is difficult to remove. 

Closely allied to the influence of cleanliness is that of contact with other material. 
It has long been known that the rate of corrosion of a metal in an aqueous medium 
may be greatly altered by contact with another metal (galvanic corrosion), but it 
is not so widelj’’ recognized that such contact may also affect the progress of high- 
temperature corrosion, though usually foi a somewhat different reason. Such effects 
have not been exten.«ively investigated; but, on the basis of present knowledge, they 
appear to be due either to the formation of some fusible compound of iron, such as 
the silicate described above, or to the diffusion of some more reactive element, for 
instance chromium or silicon, from one of the metals to the other. 

The influence of roughness of the surface is well illustrated by data reported by 
Day and Smith,i who compared the rate of oxidation in air at 595° C (1100° F) of 
steel surfaces which had been polished, pickled, milled, or milled and then dipped 
in dichromate solution. Of these several surfaces, those which had been polished not 
only yielded the most reproducible results but also were least attacked. Corrosion 
was most rapid on the milled samples; those which had been pickled behaved much 
like those which had been milled and treated with dichromate. The influence of 
roughness is, however, greatest at the beginning, and diminishes as the original surface 
corrodes away. 

*.M. J. Day and G. V. Smith. Ind. Eng. Chm., 35, 109S-11C3 (1943). 
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SCALING IN AIR OR OXIGEV 

The nte of oxidation of iron or of carbon steel in air or OTjgea at constant 
temperature is initiaJIi rapid but fa2b o6f maii.edl> as the «caJe increases m thickness. 
Quantitatiielj, the p^ogre^s of 'calmg can usually be represented by a simple 
parabolic relation^ that i<, the thiehned of scale (roughly aLo the gain iq ireighj) 
IS proportional to the 'quare root of the elap ed time, as would bo expected if the 
scale 13 continuous and uniform and jf the rate of oxidation is controlled by a rate 
of diffusion This is illustrated by the data presented m Fig 1 m which typical 
measurements of rate of oxidation of commercial iron in air at 700®, 900®, or 1100* C 
(1290® 1650® or 2010® F) are plotted on double-Joganthmic coordinates The circles 
repre ent obserxations, the straight lines being drawn with the ideal slope of * 



Fio 1 Rateof ^calingof Commercial Iron (Typical Analj SIS 0 04% C 0 0C% Mn 0 01*% ‘“i) 
la Air Plotted an LoRanthmie Coordinates to Illustrate \ al«Jity of Parabolic Law (After 
Uemdlbofcr and Larsen Tran* Am <Soc Metals 21 8C5 b95 11933] ) 

Circles rcpreaect ob^rrations bcary lines are drawn with ideal slope of H 


The presence of one or more alloy mg elements may significantly alter this relation- 
ship, especially if the free energy of formation of the oxide of the element is con- 
•adcrably greater than that of iron oxide, as is true for chromium silicon, or ahimmutn 
In this case, although the oxidation lime curaes arc roughly parabolic m form, they 
do not fan out regularly from the origin, but often eras For example, at 815® C 
(1500® F) a steel containing 2% molybdenum is more resistant after exposure lor 

• Data for oiidalion ralea at 2S2® to 3S5* C (4S6« to 725® F) are giyea m n* 1 p 12 Nete lti*t 
«atua this low tatnpejature tanee tU talca are fepreeeoted by a loganlbmic function of liae. 1 
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a day or a week than one containing 2% chromium, yet after 6 weeks exposure 
the latter is appreciably the better. Marked deviations from the parabolic law occur 
when the scale cracks or blisters to e.xpose fresh metal, as is illustrated in Fig. 2. 
The blistering i.s often caused by dirt or grease on the .surface, or differential expansion 
within the scale resulting from changes in temperature. 

Iron and steel commonly scale more r.apidly in oxygen than in air, the magnitude 
of the difTcrcncc being indicated by the data presented in Fig. 3, which shows bands 
representing the range of rate of oxidation in air or oxygen at constant temperature 
as reported in the literature. 

The rate of oxidation increases rapidly with increase in temperature, the change 
for a given change in temperature being somewhat greater for oxj'gcn than for air 
(see Fig. 3). This difference may be associated with the fact that the temperature 



Fia. 2. Typical Example of Irrcfoilar Rate of Scaling of Iron (Typical Analysis 
0.04% C, 0.0G% Mn, 0.01% Si) Caused by Blistering or Cracking of Scale. 
(After Hcindlliofcr and Larsen.) 


which controls the rate of oxidation is the tnie temperature at the metal-scale inter- 
face, which, because of the rather large heat of oxidation and of the insidating effect 
of the scale, may be significantly higher than the temperature of the surrounding 
atmosphere. 

hen the sc.ile formed is continuous, uniform, and of constant composition over 
a range of temperature, as is often the case with iron or carbon steel, the logarithm 
of the gain in weight per unit surface per unit time varies inversely with the absolute 
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Fia 3 Bands Representing Temperature Variations of Rate of Scaling of Iron or Mild 
Steel IQ Au or in Oxygen. 

Data are for loiuat period ot espoetue and hence reprtaent cn&uinum rates. 



Fio 4. Diagram lUustratmg Linear Variation of the Logarithm of Increase in Weight per 
eq cm la 100 mm with the Reciprocal of the Absolute Temperature. (After Ilcindlhofer 
and Larseu ) 
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temperature (see Fig. 4) ; but this relation does not hold for many alloy steels for 
which the type of scale changes with temperature. Moreover, temperature fluctuations 
often cause the scale to crack or blister with the result illustrated in Fig. 2. 


Effect of Other Gases wtth Oxygen or air* 

The presence of moisture or of carbon diovide increases the rate of oxidation in 
air or oxygon, probably owing to the formation of a somewhat different, more per- 
vious scale. The effect is more marked the higher the temperature. 

The presence of sulfur dioxide, as in furnace gases, increases rate of scaling and 
often results in a deep intergranular penetration of the steel through the formation 
of a liquid iron oxide-iron sulfide eutectic This increased penetration and oxidation 
can be largely avoided bj' having excess of free oxygen to prevent the formation of 
this eutectic. For instance, it is reported- that the rate of oxidation of low-carbon 
steel at 1150° G (2100° F) in an atmosphere containing 5% of oxygen is unaffected by 
the presence of sulfur dioxide. 

Effect of Velocity 

The rate of scaling increases with velocity of gas flow so long ns this is small; 
at higher velocities it increases more slowly and finally remains substantially constant 
The velocity at which this happens vanes with the conditions of exposure, especiallj' 
with the turbulence of the atmosphere. In general, however, the rate of oxidation 
is substantiallj’’ constant so long as a high concentration of oxygen is maintained at 
the metal-gas interface.t 


Effect of Alloying Elements 

Alloying elements present in steel may greatly alter the rate of scaling, among the 
most effective in this respect being chiomium, nluminum, and silicon. These when 
present in significant concentration oxidize rapidly, yielding a relatively impervious 
film which retards the rate of further attack on the underlying metal. On the other 
hand, a high concentration of sulfur in the steel increases the rate of attack just as 
does sulfur in the atmasphere, and for the same icason, that is, it forms a highly 
corrasive molten iron oxide-iron sulfide eutectic. The influence of carbon content is 
still not established, but is in any case relatively small. It has also been reported that 
rimming steel oxides more rapidly than killed steel. This difference, if real, is pre- 
sumably due to the presence of some excess of the deoxidizing element, aluminum or 
silicon. 


• Data on rate of attack of mild ntecl at cle\ ated temperatures are listed ns follows: 


Air contaimnE SOj, CO;, and these gases plus water: 


fTablo 5, p C-18 
(Fig. 4, p W9. 


O; Table 3. p frlO. 

CO; Tabled, p C48. 

SO; Table 0. p 6-19. 


„ „ (Table 9, p 051. 

\rig. C, p C52 

t It is reported that in a 2-m dinm furnace, the effect of lelocitj on rate of oxidation of iron in mr. 
CO;, or HjO at 1100° to 1375° C (2000° to 2500° F) is pronounced up to 10 ft per min (3 meters per min) 
but that increasing gas flow aboie 50 ft per mm (15 meters per min) has practicall> no effect on the rate 
W'. E Jominy and D W'. AIurph\, Trans Am Soc Steel Treating, 18, 10 (1930). 

D. Vi. Murphy, Vi. P W ood, and W'. E. Jomin>, tfud , 19, 193 (1931-1932). Enrron, 

* A. Preeee and R. V. Rile>, Iron and Steel Institute (British), 149, 253-270 (March, 1911). 
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SCALING OTHER ATMOSPHERES* 

Although the nte of corronon of iron and <teel m gases other than air or OTjgen 
has not been widelj ime tigated it la established bejond que tion that car^a 
dioxide steam and sulfur dioxide are acti\e scaling agents Quantitatue data are 
not at all concordant but qualitali\ eb there is general agreement that at a gi\tn 
temperature the rate m carbon dioxide is le » than in air ^vhereas in steam it is 
cignificantlj greater pre umabK because the scale formed l^ much more per\uous 
moreoier the rate m moL.t air is uTiallj greater than m drj air 
Since scaling like all corro ion is a reaction between a metal and its eniironment 
it maj be Je&ened in ‘ome cases eien preiented, bj changing the composition of lie 
atmo phere or of the metal or of both As an example of a change in atmosphere 
the deleterious effect of sulfur dioxide m furnace gases ma> be off et bj proMdm» 
exec's ox^gen or it maj be po^ible to alter the conditions of combustion so that 
the concentration of carbon monoxide is increa-ed relatn e to that of carbon dioxide 
until the equilibrium ratio is exceeded and the atmosphere become;) inert toward 
the metal If «uch expedients are not feasible the resistance of the metal ma> be 
increased bj addition of chromium aluminum «!bcon or other alloMng element 
which tends to form a protective film Each instance raiut however, be considered 
bv it elf 'mce there is no «imple or generall> valid rule for the prevention of scaling 
except that of ducov ering and apphing a coating which protective and permanent 
under the particular operating conditions 

MOLTEV SALTS 

Iron and mild 'teel are attacked bj manj molten «alts e^peciallv tho e which are 
not neutral or arc •trongh oxidising The rate of attack increases rapidl> with tem 
perature and in mo t cases becomes «evcre at temperature* above about S00*C 
(1500' T) 

CORROSION B\ STEAM 
See Corrosion by IIigh-TempcraiuTc Steam, p 511 

CORROSION ALKALINEt AND S.U.T SOLUTIONS! 

Limited data at 310’ C (590* F) for alkaline and salt solutions hav e been published* 
u mg mild <teel powder (C ~ 0 119c) in a bomb of the same mvtomf in tC't* ot 
hours duration NaOH was found to corrode iron with evolution of hydrogen at a 
rate which increased with JvaOII concentration Addition of 2va''''Oi to the alkaline 
solution acted a* an inhibitor The relative corro-ion rates are shown m Fig 5 
Presence of 0 1 mole per liter of ?»3CJ however, eliminated protection by Na^SOj 

• High temperature corro* on data tor to*! iron are Kiven in Table 4 p 19 for falti/ acuU prlrolm" 
Toporf (data for mild *teel on p CM) ront rapori todtuta hjdroxvir nlfiue Hack liquor mJ/ur (molten) 
and eutfue cWtmde <5ee aUo aeten. k footnote p C3o ^ 

To use carbon steel in contact inth jraeeou* tICI or cWorine the temperature should be beloa 22o*C 
(4oO* F) and 'XW® C (400® F) r^specUTcly p 682) 

Pquil bnum eonsUnta at t anou* temperalum for the reactinn of iron with IIjO and COj are pren in 
Fie 1 p n®3 for the reaction with CO in Pg 2 p 1124 and for the reaction aith CIU in Fix 3 P- 
112o. 

t Refer alao to iJetfer CerronOT p 520 
t TbiB iumaiary waa prepared by the Edit<w 

’E.Berl and F Van Tasck PorKhungtartmltnau/ dtmOeUeU dec Inetnicurvttent Berlin Reft JM 
(1930) 
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If the iron surface was first conditioned by treating with Na 2 S 04 solutions, or steam 
at 310° C for hours, but not allowed to dr 3 ', a protective film was formed resistant 
to the action of NaOII solutions at 310° C at concentrations below but not above 5%. 
These results are depicted in Fig. 6. 



Fio. 5. Attack of Iron by NaOH Solutions at 310° C (590° F) ns Affected by Na:S04 Addi- 
tions (0.01 to 0.9 mole per liter) and Other Salts (0.10 mole per liter). 



0 10 20 30 40 50 60 70 80 90 100 

GRAMS NoOH PER LITER 


Flo. C. Attack of Iron at 310° C (.590° F) with and without Surface Preconditioning by 

II 2 O or Na^SOi .Solution. 


Some salt solutions were found to be corrosive to iron independent of the presence 
of caustic soda (Fig. 7). NanSO^ and XaCI solutions, however, either had little effect, 
or slightly retarded corrosion at 310° C (590° F). There was no evidence that .SO^ 
w.as reduced in presence or absence of alkali at this temiierature. 

Chromate.s and bichromate.’ at 310° C react with iron and arc themselves reduced. 
Added to NaOH solution.’ at this temperature thej- accelerate corra’ion. 
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fhi ? Aitick of Iron by iartous Salt Solutions at 310" C (SCO" F) na n 
Function of Concentration 
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ALUMINUM-IRON ALLOYS 

W E RuiiEii* 

Alummum ls one of the mo^t clTective nllo^mg clemeDts that can be added to 
other metals {Fe, Cu, Ni, Mo, ) for the purpo^ of resisting oxidation at high 
temperatures Unfortunately , its pro'ence m «iifficicnt fjuantity to be eflccti\e (approx 
10%) develops such a degree of bnltleneso as to imptx-e serious limitations on ib 
u«efulness For this reason, surface coatmg» lla^e been U'cd (Calorizing) for mo't 
practical applications 

Data on AUFe allo\3 up to 10% aluminum are gi\cn in the following tabic Thr«c 
alloys were all hot-forged to *4-tn bars and, although brittle, still exhibited a«cfcl 
ductility up to about 6% alummum (No 3) This alloy showed no "igns of brcalv- 
down after 283 hours at 800* C (1470* F), but scaled badly’ after a short run at 
1000* C (1830* F) 

Small amounts of aluminum, as found m Nilralloy’, impart improied resistance to 
corrosion m /iij;h-tcmpcraturc steam compared to similar alloys without aluminum L2 
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Table 1. GAIN IN 'n'EIGHT OF Fe-Al ALLOA'S IN AIR 


Area of epedmens — 0.0415 dm (0.0-14 eq im). 
Time of teat — 168 hours. 

AIDD 


No. 

%A1 

G00°C (1110° F) 

700° C (1290° F) 

S00° C (1470° F) 

1000° C (1830° F) 

1 

mwM 

IjOosc scale — no i 

me.osnrcmont taken 



2 


72 5 

Loose scale 



3 


S2 5 1 

S2 5 

24 

Loose scale 

4 


32 

17 3 

13 S 

ST 

5 

10 OS 

24 

10 4 

3 5 

10. 4t 


• This specimen after G7 Ijours fiho\\od some sign of failure at the ends 
■f No sign of failure on this specimen. 


short of melting. A number of processes have been successfully u.=cd for applying the 
coating. On heavy iron and steel parts it is usually done by cementation at about 



Fig. 1. Rato of Oxidation of Calorized Steel Tubes Compared with Plain Tubes. 


1000° C (1830° F) in a protective hydrogen atmo=phcre, or by dipping into molten 
aluminum. For lighter parts, spray and cold-dip mixtures are applied followed by a 
short heating cycle to alloy the surfaces. 

This coating is effective until the aluminum is depleted by diffusion to less than 
S7c. The diffusion depends upon the temperature, amount of aluminum originally 
deposited, and thickness of the base metal. 

Aluminum-coated iron surfaces arc particularly rc.-istant to atmospheres containing 
sulfur dioxide. Tubc.= .=o treated have found wide application in the oil indu.=try, and 
are used in soot blowers, pyrometer tubes, and furnace parts for long-time service 
at temperatures up to 1000° C (1830° F). (See Fig. 1.) Contact ivilh iron oxide or any 













640 


HIGH-TEVPERATURE CORROSIOS 


of the refraclorv Qxide= which fona low meUtng «bgs with AI-O3 must be aroidei 
as <njch «lag3 rapidfj attack the protcctiie costing 
Diffused aluminum coating give no proleetioa against ordinary atmcephene cr 
aqueous corrogon of iron but on coppw the nch aluminum bronze coaling foTned 
ha_ good protective properties and has been exteanvelj lued for condenser tnhes 
and the like 

CHROMIUM IRON, AUSTENITIC CHROMIUM NICKEL-IRON. 

AND RELATED HEAT RESISTANT ALLOYS 

W O BtstiEa* 

IVTRODCCTqoN 

Became of their excellent remtance to oudalion and corrosion at elevated tm 
perstares the CrTe sad Cr\iFe alloss are widefy med for indurtnaf heat 
res’.rtant purpotes To *implif\ ducussion the commerciallj important heat-resistant 
alloT? containing iron chromium and nickel may be dind*d roughlj into tL'ee 
groups (I) chromium eteeb and cast irooi (2) aus'etutic O steels, and (3) 
Cr allov The allovs m group 2 contain at least iron, and more chronutua 
than niekel whereas <he aUor- m group 3 coatam les» than iron and connderabJy 
more ojckel than chromium The lo*T) Cr-3a*« Ni allo> 15 the pnocipal exception to 
these groupings as its composition falls be'ween groups 2 and 2 This mD 

cover the resistance of the fir't two groupL to corrosion at elevated tempcature'.t 
The heat res*;tant characteri.-tic!s of the au-temtic Cr Ni-Si and Cr Mn allovs mil 
ako be covered in this chapter a. these allo)» have been employed comt&e*cullp to 
some extent for high temperature eemcc 


PROPERTIES OF CHROMItTM AVD XUSTENITIC CHROMIUM NICKEL 
STEELS 
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martenFitic steels for hcat-re=isfant purposes, it is generally kept below 0.1% to avoid 
c.\ce&sive hardness in the steel when cooled from temperatures above the critical 
range. In castings, however, the carbon content ranges from 0.25 to 1%, as carbon 
improves the fluidity of these steels. 

Molybdenum is added to the martensitic 2 to 12% chromium steels to eliminate 
britllene.ss which develops in these steels at about 480° C (900° F) when cooled to 
normal temperatures, after having been in service for prolonged periods at elevated 
temperatures. The addition of 05% molybdenum practically eliminates the tendency 
of these steels to exliibit temper brittlene.‘=s and imparts a greater degree of stability 
to the structure of these steels at elevated temperatures.* Small amounts of titanium, 
columbium, or aluminum are sometimes added to the martensitic steels to reduce 
air hardening. The u.sc of thc.se elements is re.sorted to when annealing after fabrica- 
tion is impractical. To further increase their rc.sistancc to oxidation, .small amounts 
of silicon and aluminum are frequently employed in the 2 to 10% chromium steels. 

When the carbon content is less than 055%, the air hardening characteristics of 
chromium steels diminish rapidly as the chromium content exceeds 12 to 14%, and 
steels in the annealed condition containing 16 to 25% chromium are composed 
primarily of ferrite. Because of their higher chromium content, the ferritic steels 
are more resistant to oxidation and corrosion at elevated temperatures than the 
martensitic chromium steels. The ferritic steels containing 20 to 28% chromium are 
used primarily where oxidation rasistance and corrosion resistance at high tem- 
peraturas are required. The latter steels, however, are subject to grain growth at 
elevated temperatures and become quite brittle unless the grain size of the steel is 
controlled by the addition of nitrogen. The steels containing more than about 22% 
chromium become embrittled when held in the temperature range of 425° to 550° C 
(800° to 1000° F) so that slow cooling through this range should be avoided. The 
brittlenass is only evident at room temperature, and the toughne.ss can be restored by 
heating the steel to 050° C (1200° F) or above, and cooling rapidly. 

When only re.sistance to oxidation is required, the carbon content of the ferritic 
steels may exceed 0.5% and may go as high as 2.5% in the higher chromium com- 
positions; but, when good fabricating characteristics are required, the carbon content 
is held to a maximum of 055%, and in the 10-18% chromium grades it usually does 
not exceed 0.12%. A largo proportion of the steel in the range of 10 to 30% chromium 
Ls a=cd in the form of ca.stings with 1 to 2.5% carbon. Such castings possass high 
resistance to oxidation and abra-sion. High-chromium cast irons also fall into this 
cla.ssification and arc used for applications in which resistance to oxidation and 
abrasion is required. 

The addition of 8 to 35% nickel to low-carbon 18 to 25% chromium steels produces 
the so-called austenitic steels. These have greater strength at elevated temperatures 
than the plain chromium steels. They cannot be hardened except by cold work and are 
adaptable to cold-forming operations. Bccau.=e of their ease of fabrication by welding, 
they have been used more widely than any of the plain chromium steels. Typical 
amslcnitic alloys besides the well-known 18% Cr-8% Ni composition (18-8) are the 
25% Cr-12% Ni (2.5-12), the 25% Cr-20% Ni (25-20), and the 15%. Cr-35% Ni (15-35) 
steels. These steels, principally becam-e of their greater oxidation resistance and 
strength at elevated temperatures, arc more frequently med for heat resistance than 
the 18-8 steel when the temperature exceeds 800° C (1500° F). 

Carbon is generally kept low in the austenitic Cr-Ni steels for heat-re.sistant 
purpo;e.s, and seldom exceeds 05%. The low-carbon alloys are more ductile and 

• Mol^*b<lenum alfo increases creep elrenctb. 



HIGH-TEMPERATURE CORROSIO*! 


W2 

tough, and possess greater rc«i tancc to corrosjoQ than the high-carbon alloj-s Other 
additioDj. are made to the=e steel* for specific purpo-es For example, manganese 13 
pre-ent in all the auatemtic steel* to improve their soundness and hot workability 
The allojs containing manganese as a major alloying element to replace all or part of 
the nickel content of the austenitic 18-8 steel* ha\e been employed to a greater extent 
in Europe than in the Umted States 

The oxidation resistance of the Cr Fe alloys and austenitic steels is further improved 
by the addition of 2 to 3% silicon* Silicon in exce** of about 1^%, however tends 
to embrittle the steel at normal temperature*, after long exposure of temperatures 
between 650® and 900* C (1200® and 1650® D The addition of 2 to 3% molybdenum 
to IS 8 greatly improves its strength at elevated temperature-, but its resistance to 
high-temperature oxidation i* not correspondingly improved 

In the annealed condition the low carbon au-tenitic steel* have a homogeneous 
solid solution structure, but when heated for short period* of time in the temperature 
range of 425® to 815® C (SOO® to 1500° D, carbide precipitation occurs at the gram 
boundaries Carbide precipitation, known to cause a marked decrease m corrosion 
resistance at normal temperatures («ee p 161), aLo decreases resistance at elevated 
temperature* The losS of corrosion re«i tance from thi* cause may be greatly reduced 
m low-carbon IS 8 by adding small amount* of titanium or columbtum to the steel 
(producing stabilized 18 8), or by annealing the steel to rcdiasolve the carbides and 
quenching rapidly Carbide precipitation doe* not occur in the stabilized 18-8 steels 
when they arc welded or «trc*s relieved, and therefore their fabricating characterisbcs 
are corrc'pondingly improved 

All the«e steel* derive their heat re«i«tancc from a surface oxide layer that forms 
when they are heated and serves a* protection against further attack If this Jayer 
ts non porous and tightly adherent, it protect* the underlying metal A porous or 
loose oxide has no similar protective action and will grow id thickness at the expense 
of the underlying metal The latter conditions are typical of ordinary steel at tem- 
peratures above about 550® C (1006° F) The former characterize a heat-resistmg steel 

HlGH-TESIPERATtJRE SxRENGTU 

Although the que«tion of chemical stability is of paramount importance m the 
selection of an alloy for reflating corrosion it would be unwi«e to choo'>e an alloy 
Sot cIpv sled temperature service solelv on the bi*is of its corrosion resistance If the 
alloy lacked strength at elevated temperatures, the structure would fail prematurely 
or would be inefiicicnt because of its size 

The austenitic Cr-Xi «teel-, as «bown in Table 1, are superior to the plain chromium 
steels m creep resistance The relatively low creep strength of the femtic chromium 
steel* at 650® to 730° C (1200® to 1350* F) may be associated with the temper aging 
that occurs in this range and with the fact that the body-centered cubic lattice arrange- 
ment of the femtic steel* 1 * fundamentally Ie<5S creep-resistant than the face-ccntercd 
cubic lattice arrangement of the au-tcnitic steels Small amounts of molybdenum and 
higher chromium and nickel contents improve the creep strength of the austenitic 
steel* The 18-S steels containing raolybdenum, the 25-12, and the 25 20 steels are 
stronger than the 18-8 steel* 

The relative strength of various cist lu lenitic Cr-Ki steels and Ni-Cr alloys may 

• C;ir»m»um-Si3i«)n Iron Alloy) p (X* The «ii»feiutic tteels eonta ning a licon are diacusseJ on 

P er2 



CHROMIUM-IRON AND CHROMIUM-NICKEI^IRON ALLOYS 043 


Table 1. CREEP STRENGTH OF -n'ROUGHT CHROMIUM AND 
AUSTENITIC Cr-Ni STEELS 
(Collected Data) 


Stress in psi for 1 “Jo Creep in 10,000 hours 


Type of Steel 

•ISO” C 

540° C 

593° C 

050° C 

703° C 

815° C 


(900° F) 

(1000° F) 

(1100° F) 

(1200° F) 

(1300° F) 

(1500° F) 

Carbon steel with 0.5% Mo 

24,500 

12,400 





1.25% Cr, 0.57o Mo 

20..5Q0 

12,000 

4,300 

1,000 


* » 

2%Cr. 0.5% Mo 

19,300 

S.900 

0,000 

3,500 



5% Cr, 0.3%, Mo 

15,200 

10,100 

5,S00 

2,S00 



9% Cr. 1% Mo 


12,000 

7,000 

2,300 


... • 

12% Cr 

14,000 

11,000 

5,000 

2,200 



lS%Cr 

13,000 

9,000 

4,000 

1,000 



20 % Cr 

13,000 

5,500 

2,000 

1,000 



1 S% Cr. S% Ni 

24,000 

1S,300 

13,200 

S,200 

4,000 


lS% Cr. S% Ni + Cb 


20,500 

23,300 

10,000 

0,200 

1,000 

IS% Cr. S% Ni + Ti 


23,000 

21,000 

9,000 

5,700 


lG%Cr. 13%Ni, 3%Mo 


24,500 

21,000 

14,500 

9,200 

4,200 

20 % Cr. 12% Ni 


17,000 

13,000 


4,800 

1,000 

23% Cr, 20% Ni 


27,500 


15,000 

S,S00 

1,200 


be obtained from data of Fig. l.i As in the case of the wrought steels, increasing 
chromium and nickel improves strength at elevalod temperatures. Although maximum 


•C 



Fig. 1. Design Strength for Cast Austenitic Cr-Ni Alloys. 


strength is associated with the 15-35 steel, incre.ising the nickel content to 65% does 
not further increase strength. Although comparative data arc not shown, castings 
generally have higher creep strength than wrought metal at temperatures above 
650° C (1200° F.). 

' Hiind'joa!:, .Vmeric.rn Society for .Metals. Cleveland, Ohio., 1930. 
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eu 

HlGH-TEMPERATURE CORROSIOK OF CHROMIUM AXD AUSTEXITIC 
CHROMIUM-SICKEL STEELS 

Aie" *•«•*• *•*•*•* 

As shotra ia Fig. 2. the addition of ebromjujn greatly improves the resistance cf 
steel to oxidation Steels containing 3^ chromium show a marked improvement in 
oxidation resistance at 650’ C {1200* F) over plain carbon steel, and, with higher 
chromium contents, the steels become practically free of scaling at this temperature. 



n:( 2 . 2. £5ect of Icereasisg Chromium on Oxidation Resistance of Steel- 
Steel* containing 11 to chromium are resistant to scaling at temperatures up to 
about SIS* C (1300* F). Increase of chromium content to 16 to ra^es the range 
of usefulness to about S70* C (1600’ F), and further increase in chromium content to 
20 to 35^ raises the limiting temperature to about 1150’ C (2100* F). With the 
exception of some of the Fe-Xi-Ct steels and Fe-Cr-Al alloys (see p. 667), the steels 
containing 20 to 35^ chromium are the most oiidation-reastant of the ferrous alloys. 
Th'" Cr-Xi steels, depending upon their chromium content, are useful at temperatures 
within the range of STO* to 1150’ C (1600* to 2100’ F). The limiting temperature 
for IS-S is about STO* C (ICOO’F). and for the 25-12 and 25-20 steels it is about 
1150’ C (2100* F). The data in Table 2*® and Fig. 3*^ show the comparative resistance 
of lyplcoi chronuum steels to osdation in air at elevated temperatures.* 
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Charactenstics of the Oxide Layer Pfeil** has «hown that roo«t of the chromium 
m the oxide scale is concentrated at the inner lajer that forms during exposure to air 
at elei ated temperatures The ■'caie produced on low-chromium «tecls corui«t* of three 
laaers but as the chromium content i» mcrca ed to 2o to 30% a single lajer is 
produced According to Rickctt and ^oodt* the chromium is pre'ent as mixtures 
of (FeCr )203 and (FeCr )304 The "tudj of Baejertzt* «howed that the oxidation 
of chromium «teel la due to preferential oxidation of chromium The oxidation is 
accoirpanied bj gram boundarj attack and the higher the chromium content the 
higher the temperature required before this occurs 

OXTGEV 

The behanor of chromium and austenitic Cr Ni stceL in pure ox> gen at elevated 
temperatures has been miestigated hj Hatfield (Table 3) The attack on mild steel 
m oxigen la ^eicre houeier the addition of chromium produce* a substantial 
increase in resiatance the re«i*tance increasing with chromium content 

Table 3 OXIDATION OF WROUGHT CHROMIUM STEELS IN OX\GEN AT 
ELE\ATED TEMPERATURES* 

S le of tp«« meB — 1 lo. diatn«t«r ne t^og ''0 griiinA 
SurfsM preporac oo — poi «b«d «ith 00 eraerj’ paper 
teloe ty of ox}geo — 4 cti ft per br 
Duration of teat — 24*br coat nuoua espoaure 



Compee t on 

'1 


We ght Increase mg per »q dm 

“00* C 
(I290»F) 

P00*C 
(1470* F» 

900* c 
ncoo»F) 

1000* C 
(1830* F) 

c 

Mn 


Cr 

N, 

0 17 

0 67 

0 IS 



1040 

2 980 

8^40 

17 090 

0 S'* 

0 2o 

1 32 

13 12 

0 29 

20 

190 

2S0 

9 130 

0 09 

0 39 

0 37 

1$ 03 

0 26 

CO 

“0 

190 

290 

0 11 

0 34 

0 21 

14 84 

10 16 

CO 

no 

410 

4.3C0 

0 12 

0 2S 

0 31 

17 74 

8 06 

no 

IDO 

2 0 

5"0 


•W n Hatfield J Iron Stttl Init 115 <I» 483 SOS (1927) 


Carbon Dioxide 

As shown bi Hatfield chromium increases the resistance of steel to carbon dioxide 
at delated tcraperntures The results of his teats on mild steel and chromium steels 
are «ummanzed in Table 4 


Air CoNTAmvo \ 4 Rious Additions* 

The influence of pure air and 'll o of atmospheres modified with sulfur dioxide 
carbon dioxide and steam at 900* C (1650* F) upon mild steel and IS-S is giicn in 
Table 5 It is eiident that the pre ence of water, carbon dioxide sulfur dioxide and 

* Addit onal data oa rat« of attack of east slioja in rcduc ng and ouibz ng gaaca eontaimng culfur ar« 
presented in Ilyih \ ir*<f CAromiu>n {Irtm) Alloy* beginn ng p 69J 

»L.R Pfel J iTcmSUtilnit 119 (No I) ^1(19*9) 113 fNo 1) 237(1931) 

” R. L. Riekett and W P Wood Tronr Am 8oc VtlaU 22 317 3S4 (1934) 

“M Raejerlz Traru 4m Soc \fftaU U 420-4^0 (WSf) 
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nominal 

COMPOSITION 


PLAIN CARBON 
(O.lBliC) 

C-O.SMo 


C-Mo-Mn 


2 25Cr-l Mo 
l75Cr-075Mo-075Si 


3Cr-05Mo-l.5Si 


5Cr-0.5 Mo-1.5 Si 


5Cr-0.5Mo-TI 


5Cr-0.5Mo-Cb 
5Cr-0.5Mo-l.5 Si-Ti 


5Cr-0.5Mo-l.5 Si-Cb 


12 Cr-0.5Mo 


l8Cr-8Ni-TI 


l8Cr-8Ni-Cb 


GAIN IN WEIGHT, 100 MG/SQ DM 
100 200 300 400 



Fio. 3. Oxidation of Steels in 250 and 1000 Hours at 595°, 700°, and 925° C (1100°, 1400°, 

and 1700° F). 

trater plus carbon dioxide or sulfur dioxide increases the corrosion of mild steel. 
The corrosion resistance of lS-8 is much greater throughout than that of mild steel. 
The ratio of mild steel to IS-S oxidation rates diminishes, however, in the presence of 
water, carbon dio.xide, or sulfur dio.xide. 


SuLFUR-BE.-vniNG Gases* 

The presence of sulfur-bearing compounds in the atmasphere to which the Cr and 
Cr-Ni steels are exposed, as previously mentioned, increases the rate of scaling of 

• Data for some high-nickel chromium allo>-8 arc presented in Tables 3 and 4, p. CS9. 
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TAStr 4 OXIDATION OF WROUGHT CHROMIUM STEELS IN CARBON 
DIOXIDE AT ELEVATED TEMPERATURES* 

Sue of epecimen — 1 cm diemetcr ireigtun^ 20 erams. 

Surface preparation— poliabed »ith 00 emery paper 
\ eloeity of carbon dioxxle — 4 cu ft per br 
Duration of teet— 24-hr contimioua ezpoeure. 



(^mpocition 



Xle 

ght Increase mg per eq dm 

700* C 
(1290® F) 

SOO'C 
(1470® F) 

900® C 
(IBoO* F) 

1000* C 
(1830® F) 

c 

Mn 

El 

Cr 

Ni 

0 17 

0 67 

0 18 



1000 

3670 

7490 

9350 

0 32 

0 25 

1 32 

13 12 

0 29 

SO 

DO 

1600 

6230 

0 09 

0 39 

0 37 

18 S3 

0 26 

20 

SO 

290 

290 

0 11 

0 34 

0 21 

14 84 

10 16 

140 

210 

1240 

3700 

0 12 

0 23 

0 31 

17 74 

8 06 

40 

110 

330 

590 


•W H Hatfield J IronStulImt 118 0) 483-508(1927} 


Table S OXIDATION OF CARBON STEEL AND AUSTENITIC Cr Ni STEEL 
IN AIR CONTAINING SULFUR DIOXIDE CARBON DIOXIDE OR ^^ATER• 
E re of apecimen — 1cm diameter wei«bios 20 erama (wrought natenaj) 

Surface preparation — pobahed with 00 emery paper 
\ eloeity of caa — not elated. 

Duration of teat — 24*hr continuoua expoeure 
Temperature — 900* C (IfioO* F) 


%C %Mi> %Si %Ct %hi 
Mdd Steel 0 17 0 87 0 18 0 28 

18-8 0 12 0 28 0 31 17 7 8 00 


Condition of Atmosphere 

Increase m Weight 
n 8/sq dm 

„ Mildsteel 

^““““*155“ 

Mild steel 

18-8 

Pure air 

5 524 

40 

138 

Atmosphere 

5717 

46 

124 

Pure air plus 2% sulfur dioxide 

6 517 

S6 

76 

Atmosphere plus 2% sulfur dioxide 

6 576 

113 

53 

Atmosphere plus 5®c sulfur dioxide plus 5% water 

15 242 

358 

43 

Atmosphere plus 5% carbon dioxide plus 5% water 

10 014 

458 

22 

Pure air plus 5®o carbon dioxide 

7(»8 

116 

65 

Pure air plus 5^$ water 

7 421 

324 

23 


• H Hatfield J Iron SUrl Iml US 0) 483 508 (1927) 


these steels The data m Table 6 desenbe the bchatior of tjpical steels in sulfur 
dioxide at temperatures between 700® and 1000* C (1200® and 1830° F) In this con- 
nection the iniestigation of Prccce and his cn-workers's on scaling of carbon and 
allo> steels, including 129t chromiura and 18-8 is al«o of special interest Thej heated 
samples li»3 cm (06 in ) in diameter bj 102 cm (04 in ) Jong, for 1.5 hours, in an 
atmosphere containing SO^i nitrogen, 10% steam, and 10% carbon dioxide, to which 
OX) gen, carbon monoxide, or eulfur dioxide was added As shown in Fig 4, the 
increase m sulfur dioxide decreases the scaling rate of 18-8 slightly, whereas the 12% 

It V rrc«<« G T Richardson, and J Tl Cobb Bntiab Iron and Slc«l Icatltutc Sprrtnl Rtfort 21 
Tin n-fti (1039) 
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SULFUR DIOXIDE IN FURNACE ATMOSPHERE, PERCENT 

Pio. 4. EfTcot of Sulfur Dioxide on the Scaling of Carbon Steel, 12% Chromium Stool, 

and 18% Cr-S% Ni Steel. 


Table G. EFFECT OF SULFUR DIOXIDE ON CARBON STEEL, Cr-Fo ALLOYS, 
AND AUSTENITIC Cr-Ni STEELS AT ELEVATED TEMPERATURES* 

Size of specimen — 1 cm diameter acigliinc 20 grams. 

Surface preparation — polished with 00 emery paper. 

Velocity of sulfur dioxide — 2 cu ft per hr. 

Duration of test — 2.1-hr continuous exposure. 



Composition, 



Weight Incrco'^c, mg/sq dm 








900° C 

1000° C 








c 

Mn 

Si 

Cr 

Ni 

(1290° F) 

(1470° F) 

(1050° F) 

(1830° F) 

0.17 

0.G7 

O.IS 



990 

4,100 

17,700 

Converted 

0.32 

0.25 

1.32 

13.12 

0.29 

40 

100 

990 

5,800 

0.09 

0.39 

0.37 

IS. 53 

0.20 

50 

50 

80 

140 

o.n 

0.3-1 

0.21 

14. S4 

10. 1C 

no 

120 

170 

370 

0.12 1 

0.2S 

0.31 

17.74 

S.OO 

140 

ICO 

ISO 

200 


• w. If. Hatneld, J. Iron Steel Inst., 115 (I). -JSS-oOS (1927). 


chromium steel and the plain carbon steels scale more heavily.* Figure 5 indicates the 
effect on the scaling rate of carbon monoxide and oxj'gen added to atmospheres in 


• The effect of sulfur dioxide on scaling rate of carlion steels is avoided by maintaining an excess of free 
oxj-Rcn. (Seep, 63.1.) 
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presence or absence of 'ulfur dioxide Experimental data^® on cast 25-12, 25-20 
and 30-18 steels in air containing 2% sulfur dioxide at SSO" C (1795* F) are shown 
m Table 7 It is seen that sulfur dioxide has little influence on the scahng of these 
steels in air. 



412 )OI 2»49 
CAAeON WONOXIOe INATWOSAKERC.KACeMT. OXYSEN IN ATHOtAHCRE. PtRCENT. 


Fio 5 Effect of Carbon Monoxide. Ox>gen and Sulfur Dioxide on the Scalinc of 
Steel at 1000* C (1830* F) 


Table 7 RESULTS OF OXIDATION TESTS ON Cr-Ni STEEL CASTINGS IN 
AIR CONTAINING 2% SULFUR DIOXIDE AT 980* C (1795* F) 

Eiieof epecimen — 6 35 X2M X0475eDi (2>j X I X)f«m.). 

SuKice preparatioa — samples polished with 120 ezneir paper 

Composition of atmosphere — air cont&imoe 2% sulfur dioxide by volume, continuoua slow stream of cas. 
Duration of test— 16S-hr continuous exposure 


Composition, % 

Condition 
of Ifetai 

Loss of tt eight in 
me/sq dm in ICSbr 

C 

Mb 

St 

Cr 

Ni 

N 

0 26 

1 79 

0 74 

24 52 

13 12 

0 11 

Cast 

mo 

•• 

•• 

•• 




Anneafed* 

020 

0 23 

I 34 

0 79 

25 10 

13 10 

0 IS 

Cast 

775 

•• 



•• 



Annealed* 

620 

0 24 

1 66 

0 63 

25 33 

18 87 

0 07 

Cast 

1000 

•• 

•• 

“ 



~ 

Annealed* 

465 

0 21 

1 24 

0 99 

30 63 

IS 38 

0 It 

Cast 

310 


“ 





Annealed* 

465 


• Held H hr 1050* C (1920* F). aiMooled. 


** Unpublished data from Union Carbide and Carbon Itesenreh Laboratones, Ine , Kiacara Falls. 

N. Y. 
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The experimental data^" given in Table S obtained on IS-S show that hydrogen 
sulfide is more active at elevated temperatures than sulfur dioxide. At 600° C 
(1110° F), in moist hj’drogen sulfide gas, the aIlo 3 ’ lost about 5% in weight, and at 

Table S. EFFECT OF SULFUR AND ITS COMPOUNDS AT ELEVATED 
TEMPERATURE ON A STEEL CONTAINING 18.45% CHROMIUM 
AND 8.56% NICKEL 

(Plus 0.10% Carbon. 0.47% M.angancso, 0.23% Silicon) 


Corrosive Agent 

Temperature of Test 

Duration 

Weight Loss, % 

“C 

“F 

of Test, hr 

Molten eulfur 

140 

2S5 

24 

Nil 

Aloist SO 2 gas 

COO 

1110 

ICG 

0.05 

1 

900 

IGSO 

24 

2. IS 

Moist H 2 S gas 

300 

570 

158 

0.052 


GOO 

1110 

G5 

4.30 


900 

1C50 

21 

Converted to suIGdo 

II 2 S gas (1 part) plus nitrogen (10 parts) 

GOO 

1110 

G5 

2. os 


900° C (1650° F) it was converted completely to sulfide, whereas in moist sulfur 
dioxide at 900° C (1650° F) it was relatively resistant to attack. 

The information published by Scholl,i8 summarized in Table 9, on the action of 


Table 9. RESISTANCE OF CHROMIUM AND AUSTENITIC Cr-Ni STEELS TO 
HjS AT ELEVATED TEMPERATURES 


Composition, % 


Increase in Weight, Jig per eq dm 





480° C 
(000° F), 
28 5 hr 

G50°C 
(1200° F), 
24 hr. 

700° C 
(1290° F I. 
1 hr. 

800° C 
(1470° F), 
1 hr. 

900° C 
(1G50°FI, 
1 hr 

1000° C 
(1830° F), 

1 hr 


Cr 

Ni 

OUlcr 

Elements 

Investi- 

gator 



Low-carbon 

steel 

3,400 






Scholl 

S 




. . 

... 





14 



1,900 

. . 





*• 

19 


• « • 

oGO 

... 

. . . 




" 

25 


. . > 

mm 

... 

... 




" 

20 

22 

3 2 Si 



... 





17 

2G 

... 

■1 

... 

... 





13 


... 


15,100 

... 




Snyles 

20 


. • • 


11,700 

... 




•• 

20 

S 

• > • 


9,100 

... 




•* 

12 

GO 

... 

• • • 

17,100 

... 

... 



it 



Iron 

• • • 

... 

1,320 • 

9,000 

17,400 

Converted 

Gruber* 

25 



... 

. . . 

1,010 

5,500 

13,800 

23,000 


21 

25 


. . . 

. . . 

7^ 

5,500 

14,100 

21,800 

*• 

15 

G1 




1,690 

11.800 

27,200 

48,000 



• Specimen size — G X 3 X 1.2 cm (2.4 X 1.2 X 0.5 in.). 

Surface preparation — surface Kroiind to remove scale. 

Conditioiw of test — specimen was heated to test temperature in hydrogen. The hydrogen was then 
replaccti for 1 hr by hydrogen sulfide. Specimen cooled in hydrogen. 


'• .\. Tl. Kiniel and R. Pranks, Allouso/ Iron anil Chromium, II, The Engineering Foundation, McGraw- 
Hill Rook Co,, New York, 1940. 

'* W. Scholl, Test results quoted by II. J. Fttaich. Trans. Elerlrochm. Soc., 60, 47-89 (192G). 
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hjdrogen sulfide upon chromium steeh, indicates that at 480° C (895° F) the amount 
of attack in hjdrogen sulfide decreases continuously as the chromium content 
increases up to about 1S%, bejond xvhich there is little further change The action 
of hj drogen sulfide at temperatures of 400* C (750° F) or higher is gi\ en in Table 9 
and Figs 6 and 7*3 20 , 21,22 The data published b> Rickett and Wood,~ shown in 




Fio 6 Effect of Chronuum Content and Fio 7 Effect of Temperature on 
Temperature on Reaction of Fe-Cr Cr-Ni Reaction of Chromium Steels with 
and Fe>Cr Ni Alloy's with Pure Hydrogen Hydrogen Sulfide m 25 Hours 

Sulfide 120 Hours 


Fig 7, were obtained on polished «ample3 127 cm (Ofi m ) in diameter by 352 cm 
(Ifi in) long which were cTpo^ed to a mixture of hjdrogen sulfide and nitrogen 
containing 20% bj volume of hjdrogen sulfide, the final poh«h being with 00 emerj 
paper At temperatures abo%e 500" C (930° F) it is seen that additions of 23 to 30% 
chromium somewhat reduce the attack bj hjdrogen sulfide 
Greenwood and Roennfeldt^s te«ted a number of commercial nllojs in a rinc-roast- 
ing furnace in which the allojs were exposed to gases containing 5% sulfur dioxide, 
with the possibilitj that condensed lead sulfide was al 0 present (Table 10) Their 
tests indicated that the alloj gii ing the best sera ice consists of Ifi to 3% carbon and 
25 to 30% chromium The authors expres ed the opinion that from a practical point 
of Mew the corrosue action in zmc-roasting furnaces is caused bj the prc«eDCC of 
galena m the concentrate-, and that anj improacmcnt in ore dressing practice that 
lowers the lead content will be reflected in longer life of rabbles constructed of thc«e 

”B J Sajles FutU and Funatet 8 835 (1930) 

*®H Gruber Z VttaUkvnd^ 23 151 157 (1931) 

** P Schafmeuter fcad F K N»umann Chtm Fabrik 8 8 83-00(1935) 

**R.L. RiekettaodW P XVood Tran* Am See Vela/* 83 317-384 (1034) 

N Greenwood and A. J Roennfeldt Eng MinvigJ 128 &ol 5o2 (1929) 


HIGH-TEMPERATURE COHROSIOX 


concentration of the sulfur compounds, temperature, and relate e oxidizing nature 
of the atmo'phere The oxidizing properties of the atmo«phere are an important 
factor, and it js neccicao’ to distinguish between scahag ra hjdrvgea suiSde, either 
pure or mixed with non-oxidizmg gaeC^, and «catmg in mixtures of sulfur dioxide and 
oxidizing gases, as, for example, oxjgen, carbon dioxide, and water Aapor. Although 
the protective effect of chromium m resisting corrosive attach, bj sulfur compounds 
cannot be stated preciselj, practical observations show that more severe sulfur 
conditions can be tolerated the higher the chromium content of the steel The pro- 
tective action of chromium m the presence of sulfur is m part explained by the work 
of Vogel and Reinbach,^'^ ^jio made a thorough «tudj of the sv 'tern Fc Cr-FcS 
Thej showed that chromium progressively rai-es the melting point of liquid com- 
ponents containing sulfur from 985* C (1805* F), when there was no chromium, to 
1175° C (2147° F) when the chromium content was S(}% 

Av ailable data indicate that for higb-lemperature uae, when sulfur compounds are 
present, the 20 to 35% chromium steeL are more sati'factory than most of the 
austenitic Cr-Ni steels and the Ni*Cr alloys The greater attack of sulfur compounds 
on the nickel-bearmg alloja is atlnbuled by Kayser^T to the formation of mckel 
sulfide, which melta at about 650* C (1200* F) With chromium at 20 to 35%, how- 
e\er, nickel content* of 0 to 35%, under oxidizing coodjtjons, do not decraise resist- 
ance to sulfur compounds to any great extent 

PjjTJtoixrjr Products 

The action of suUur-contaming gases and other ga«es on chromium eteeU has been 
investigated in connection with (be studies of corrosion of oil refinery equipment 
Refinery corrosion 15 cau'ed chiefly by sulfur chlorine, and their compou&ds The rate 
of corrosion is often affected by turbulence and velocity of flow, as these factors to a 
certain extent eliminate by ero«ion the protective coating of coirosion products 

The increase in life of 4 to 6% chromium steels over ordinary steel in petroleum 
refinery senuce is summanzed in Table 12 Other data in connection with petroleum 
refinery corrosion are given in Tables 13“^ anvl and Fig 8*'^ From a study of 
these data, it mil be noted that (he resistance of steel to petroleum products at high 
temperatures is dependent upon the chromium content of the alloy. 


Table 12 INCREASE IN LIFE OF 4-6% CHROMIUM STEELS 0\T:R CARBON 
STEELS I\ PETROLEUM REFINERS SERVICE 



Life of 

LUeof 

Ratio Increase m 


Carbon Steel 

Chromium 

Life of Cbronimm Steel 


sears 

Steel 

over Carbon Steel 

SBW 

S 

;o 

1 25 

Xf ©derate 

2 

8 

4 

Severe 

H 

3 


Extra severe 

ii 

2 



II IT. Acd It, Ruftbach, Arch EwnhZltfnv , 11. 457 11935) 

*ij F Kj>'>er Tron» Soe, i9 ISf (1933) 

** Setfnet 0/ Ftlroleutr,. A E Dututan FAtor p 22S9, Oxfonl Unjreraity Pres* Nnc York, 1935. 

*• B B Morton TA* Pttreleum Enffxntrr, May, 1944 

C»me*ie-I!linou Stfel Corp . rittabursb P*.. U S S Sln\ntet$ and I/tal Rttulyne SletU far IA< 
Pttrdtum Jnduttry, 1910 
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Table 13. CORROSION RESULTS FROM A BUBBLE TOWER 


Ivocatioi^: 

Bottom of Tower 

Top of Tower 

Temperature: 

370° C (700° F), approx. 

S5° C (185° F) 

Metals 

Corrosion Rate, ipy 

Mild Btcel 

0.033 

0.091 

18% Cr. 8% Ni 

0.0006 

0.029 

80% Ni, 13%. Cr 

0.00016 

0.035 

18% Cr, 12% Ni. 3% Mo 

0.00003 

0.025 



Fig. S. Beneficial Efiect of Chromium on Corro.'jion Rc.sistanco of Steel in HydroRon Sulfide 
and Petroleum Refinery Producf.s. 


Higr-Pressure Ste.ui 

The resistance of steel to high-temperature steam is greatly increased by the amount 
of alloyed chromium. See Corrosion by Ilirih-Tcmpcrulure Slcmn, p. 511. 

LvFRUEN-CE of C.ARDO.VACEOCS SoUDS AXD HvDROr.tRRO.V G.ASES 

Tlie heat-resisting Cr-Xi steels and X'i-Cr alloys have found wide application in 
equipment for use in the carburization of steel. The chemical compositions of the 
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Tabu 14 EFFECTS OF CHROMrUM CONTENT ON RESISTANCE TO 
ATTACK RY SULFUR IN PETROLEUM PRODUCTS 
Tempcratiire 34s“-400* C (650*-750* F) 


G&9 Oil CruLing Opcrstion. 


Xtetal 

1 Penetration ipy 

9%Cr Vi 

0 00130 


14‘"a Cr SO% N» 

0 00036 


issuer 

0 00002 



Note Ordinary ete«t severely attacked in eacne enviroaiiieiit. 


alloys used most frequently for thja purpose are 25% Cr~20% Ni with and without 
to 2^% Si , 15% Cr-35 Ni , and 15% Cr-€5% Ni All these alloj s are available jn 
the form of castings and sheet, and sheet steel containers fabricated by welding are 
sometimes used Of the alloys the 15%Cr-35%Ni and the 15% Cr-ti57e 
ore used extensncly m cast carburizing containers becauie they are more resistant 
to carburization It has been stated that nickel in excess of 20% greatly retards the 
absorption of carijon, and for this reason roost of the alloys for carburizing containers 
employ 35 to 65% nickel ^\ith high-sulfur fuels, it js cu tomary to u«e the 
15% Cr-35% Ni steel and the 25% Cr-20% Ni steel containing silicon as they are more 
resistant to sulfur bearing atmospheres 

The indications are that, after long periods of exposure to carburizing temperatures 
the corrosive attack follows the carbide network inwardly The carbide itself or the 
chromium deficient «olid solution adjacent to the carbide particle is oxidized and 
e^eQtually cau cs failure of the container The ab’^orption of carbon o\cr a period 
of time aJ^o cau«es cracking The«e cracks are found on the container and according 
to MacQuigg^t the cracking is due to a condition of stress set up by the ah^orption 
of carbon It should be emphasized, howe%er, that the life of any container depends 
upon many other factors besides the compo«ilion and carburization of the metal and 
that, in general, premature failures are caused mainly by defectu e castings, by high- 
fiuJ/ur fuels, by oierJoadmg by rough handling by non unilotm heating and by 
chemical action of energizers used in the carburizing compound 

Considerable quantities of high-chromium steel tubes arc used m processing 
petroleum and other by drocatbons at high temperature Because of the detrimental 
cataly tia effect of nickel on the efficiency of high-temperature hydrocarbon procc'^e® 
many concerns use 6eamle«3 or ccnlnfugally cast 28% chromium steels or 2S% 
chromium steels containing 2 to 3% nickel The addition of 2 to 3% nickel increa'cs 
toughness of these steels The tubes operate for prolonged periods at temperatures 
as high as 1100® C (2000® D before failing by cxcc^ii e carburization 

Specific data on the rate of carburization of Cr and Cr Ni steels have been 
published (Table 15) 32 

On the basis of the«e result®, it was concluded that at 015® C (IGSO® F) all the 
intermediate pearlitic stoeU containing 5 to 9% chromium arc subject to carburization 
StUcoD appears to be the most effccljie alloying element for holding carburization 
to a minimum All the austenitic sleek with the exception of the 25 20 steel carbunic, 

« K. Tbum Uook of Slntnlew SUtU Znd Ed. Chapter 13 (C E MacQuJgZ) PP 3S1 303 Amencin 
Roeiety for Metals CleveUnd Ohio 1935 

** The TimVea EoHtr Osnvpiny, ttUvml of IlvA Ternperolurr /nw*fx?nlio"« ConAueM 

ISiS lOU 1944 
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Table 15. CARBURIZING TEST RESULTS ON CHROMIUM STEELS 

Size of Bpecimen — not etnted 
Surface prep iration — not stated. 

Teat temperature — 915° C (10S0° F). 

Teat conditiotia — Specimens were carbunzed in Kfls-carbunzinR furnace. Length of each cjcle nos 30 hr» 
and gpecimens were submitted to 20 c>clc3. For the first 4 hr of each ejele the composition of the gna 
V. as 20 7% GO, 38 7% llj.O S%Cli»,30 8%^^ After 4 hr. 15 to 207o natural gas was added. Between 
each 36-hr cycle, carbon was burned out with air, the tempcralurc being held at 915° C (1GS0° 1^). 


Carbon Content in Percentages at Indicated Distance from Surface 


Steel 

Suriacc 

0 127 mm 
(0 005 in 1 

0 254 inm j 
(0 010 m) 1 

0 3S1 mm | 
(0 015 in ) , 

0 60S mm 
(0 020 in ) 

0 GGO mm 
(0 025 in ) 

5 Cr, Mo 

•t 23 

3 

71 1 

3 30 

3 

00 


2 OS 

5 Cr, Mo. Ti 

3 71 

3 

39 

2 81 

2 

30 


2.24 

5 Cr, .Mo, Si 

2 SO 

2 

73 

2 72 

2 

30 


2 11 

7 Cr, XIo, Si 

3.10 

3 

20 

3 OS 

2 

SI 


2.19 

9 Cr, Mo, Si 

4 20 

3 

09 

2 39 

2 

52 

2 44 

2.30 

IS Cr, 8 Ni 

0 13 

0 

IS 

0 10 

0 

13 

0 11 

0.10 

IS Cr, 8 Ni, Cb 

0 32 

0 

20 

0 19 

0 

10 

0 11 

0 10 

to Cr. 13 Ni, 3 JIo 


0 

10 

0 IS 

0 

18 

0 10 

0.16 

25 Cr, 20 Ni 

0 00 

0 

07 

0 OS 

0 

10 

0 OS 

0 OS 

27 Cr 

0 19 

0 

IS 

0 10 

, 0 

1 

15 

0 13 

0.11 


but they carburize at a much slower rate than the pearlitic steels. At 915° C (1CS0° F) 
the 27% chtomuiin steel does not carbuuze any more rapidly than the austenitic 18-8 
steels. 


Influence of Amjionia .,vnd Hi'drogen at High Temperatures 

The 12 to 16% chromium and 18-8 steels have been used for nitriding containers, 
but they have not been found satisfactory bccau.«e the suifacc of the container is 
nitiided and eventually causes an incicase in ammonia consumption and Tailing off 
of surface hardness and case depth of the work.^3>3< In Germany^'* nitriding con- 
tainers of 25-20 steel have been used, but in this country the high-nickel alloys such 
as those containing 65% nickel and 15% chromium seem to be the most satisfactory. 

Vanick^c states that a 16%) Cr-15%o Ni steel containing 3%; silicon, and 0.4%j 
cat bon is unu=ualiy resistant to deteiioration in a synthesizing ammonia atmosphere 
at 510° C (950° F) under 15,000 psi picssuic. Ammonia under these conditions is 
reducing, and the highly penetrative hydiogen picsent under such conditions severely 
attacks most metals. Experimental data-'*' obtained on samples exposed one j-ear to a 
mixture of nitrogen and hydrogen gases (ratio of 3 to 1) plus 12 to 13% ammonia, 5% 
methane, and 5% argon at 290 atmospheres and 500° C (930° F), show that 5 to 17% 
chromium steels are subject to cracking and excessive nitriding. Under similar condi- 
tions ingot iron cracked but did not become nitrided. Although the sample of 18-8 
steel containing columbium was nitrided, the depth of nitriding was relatively shallow, 
and the steel retained some ductility in spite of the formation of a hard case. The 
latter steel was also free of cracking. 
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Cox®s observed that hj drogen at 500" C (930’ F) and up to 3000 psi presniro docs 
not attack lS-5 or 25-20 «teeL when the carbon content is kept low Ingljs and 
Andrew 3a ha\e •shown however that a low-carbon (009-014%C) IS-S steel 
ab-orbed large quantitjes of hv drogen at 450’ C (SIO’F) and 250 atmospheres and 
became embrittled The ductihtj of the allo> was restored bv heating {900*-U50* C 
1650’-2100° F) to expel the ab.orbed hjdrogen According to Naumann,-*o chromium 
greath retards the penetration of h> drogen at elevated pressures and temperatures 


Fio 0 InSucDce of Chromium Content on Itesislance of Steel to rcnetratios by Hjdroirrn 
at 300 Umo<pberes id a Period of 300 Hours 


Molten Metals and Svlts 

Chromium and au'teniljc Cr->.j steels are attacked bj molten aluminum, zinc, 
bras.es, copper, babbit and mercury %apor» The corroLivc attack is chiefly due to 
intergranular penetration of the steel- which causes bnttlencsa Tin and solder do not 
penetrate the grain boundaries of Ihe-c 'teels unless thej are cxce'^u clj superheated 
The influence of time and temperature on the rate of attack of lS-8 steels bj molten 
zinc la brought out in Table IC"** Bccau’=e of rapid embrittlement, rinc-coatcd parts 
should not be placed in contact with chromium and austenitic Cr-Ni steeU that will 
be exposed to elevated temperatureo Since cadmium has shown no tendency ot 
similar attack CarapbelH^ bas «uggcsled that cadmium plated parts be used if 
contact with the-e steela is made at elevated temperatures Under certain conditions 
to be discusscd below, molten lead can be satisfactorilj handled with chromium and 
amtenitic Cr-Ni steels 

Molten lead as a liquid heating medium is u cd in the heat treatment of steel At 
temperatures below 700^ C (1300’ F) ea t iron and ca. t steel are suitable, but, for 
higher temperature?, alloj «feeL and ca lio^ are required for Jong life The 
65% Ni-15% Ct alloj and the 35% Ni-15% Cr and the 25% chromium steels are the 
matenals mo-t gencrall> recommended for jead bath containers According to 

” J I- Cox Chem Mti End 40 40^03 (1933) 

”N P InduandW Andrtws J Iron Xlfrl /«*( U* 3S3^0S (1933) 

** E- HoudrrfTiont Sondfrtta^Jkunii/ p Julius ®pn»i*rsr IVrl n 1035 

*’ Uopubluhrd data from Union Carbi Je and Carbon R^ararth Laboralonw Inc Niaear* FalU, N l 
**n A Campbell S A E Jovmal (Trana. «?eeUoii) «l (No 2) C7 72 (1W4) 
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Table 10. BRITTLENESS TESTS ON 18% Cr-S7o Ni TYPE STEELS IN 

CONTACT WITH ZINC 


At Temperatures beween .390° C (735° F) and 800° C (1470° F) 

Condition of Sample* 

KesuUn of Bend Tests on lS-8, 

IS-S Ti and 18-S Cb Steels 

Heated for MO hr at 390° C (735° F) 

Immersed 20 lir nl <150° C (810° F) 

Immersed 15 hr at 500° C (930° F) 

Immersed -I-t lir at 500° C (030° F) 

Immersed 2 hr at C00° 0(11 10° F) 

Imrnerfied 25 hr at {XK)°C (2110° F) 

Immersed 2 hr at 700° C (1200° F) 

Immersed 15 min at 800° C (M70° F) 

No flij^ns of brittleness 

No siRns of brittleness 

No pi^ns of brittleness 

Si^ns of brittleness after bendinR 180° 
Cracked after bcndinn 180° 

Cracked oftcr bcndiriK ‘15° 

Cracked after bending 180°t 

Cracked after bendiuK 10° 


• Snrnplrs nnncalcd by lieatintj at 1075° C (1070° F). 
t Disaolvin;: rapidly in eolution. 


Kloumnn,''''* corro.sion of Uio.sc mntoriaJs ma}' bo rapid at the .surface of the molten 
lead because of tlic slagging action of the lead oxide on the protective o.vidc covering 
the metal. 7'his type of failure is materially les.sencd by removing the lead o.\idc 
frequently and by maintaining a carbonaceous covering on the lead. It sliould also 
bo pointed out that oxides of other low molting metals may have a similar corrosive 
effect on thc.se alloys, unless precautions arc taken to keep the surface of tlic molten 
metal clean. 

For saU and cyanide containers, steel of 35 to 40% nickel and 15 to 2D‘/o chromium 
has been found very .satisfactory. The Cr and austenitic Cr-Ni steels are less generally 
used for this purpo.'-o, although the 25% chromium steel is used for electrodes in 
immersed clcclrode-type salt bath heat-treating furnaces. Severe corrosion of Cr and 
austenitic Cr-Ni steels in salt baths is due to the dissolving action of those salts on 
the protective .scale. Caustic soda is particularly corrosive from this .standpoint, and 
salts such as sodium carbonate that m.ay transform in time to caustic soda will cause 
excessive corrosion. Nickel-bearing chromium alloys are more resistant to molten 
salts than the plain chromium steels. 

CoiinosioN i.\ E.XIIAU.ST Gases Fito.M Ixter-val Co.mhustio.v E.vgi.ves 

Conditioas in aircraft exhaust manifolds are extremely severe, as the products of 
combustion from the engine range in temperature from 5.50° to 950° C (1000° to 
1700° F) and contain carbon dioxide, o.xygen, carbon monoxide, hydrogen, methane, 
nitrogen, and traces of lead oxides traveling at relatively high velocities. The metals 
employed mu.st withstand .severe vibration and tJie cooling action of rain and sea 
water on the outer surface of the hot manifold, as well ;i.s corro.sion by condeasate on 
the inner surface during initial periods of operation. 

The problem of .‘•electing metals for exhaust .systems is complicated by the fact 
that de.sign has con.=idcrable influence on .service life. Improved .service life with a 
given material ha.s resulted from better cooling of the sy’stcm through changes in 
design. Because of their good fabricating characteri.stic.s, au.stcnitic Cr-Ni steels of 
the IS-S type are used in exhaust manifold.s.^' The products of combustion, however, 

F.. Thuin. Boot cf Sitiinlut SiffU, 2nrl Kd., Chapter 19-A (II. Klouman), pp. American So- 

ciety (or Metal!., Cleveland, Ohio, 103,'). 

*' H. A. Campbell, S. A. E. Journal (Trans, Section), 62 (No. 2), 07-72 (ID-M). 
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hare a corrosive effect on the gram bcundanea of unstabilized IS-S Eteel, as the 
temperature of these gases la m the carbide precipitation range For this reason Btcels 
stabilized with titanium or columbium must be emploj ed The titanium bearing 1 
alloy has proied adequate for many applications Howes er, m other ca-es the 
titanium bearing alloj has failed wherein the columbium bearing alloy has been used 
successfully The better performance of the latter is attributed to its higher strength 
at elevated temperatures 

Table 17 HEAT-RESISTING PROPERTIES OF EXHAUST VAL\X STEELS* 
Specimen sue — SOS em(2 in.) X 0 95 cm (37S in.) diameter 
Surface preparation — not elated. 

Conditions of teat — eamplee expoaed 200 hr in Ethyl Gaaolme Corp acaling furnace at manmum tera 
perature of 9S0® C (1800® F) and ainimuin temperature of 345* C (G50* F) 

Type of foel — Special keroiene treated ailh 10 ml of tetraethyl lead per U S gallon in form of Q lead 
anti knock fluid containing both bromine and chlorine The kerosene bad about the same ullimste 
anal>8 s aa average automob !e gaaoline 



•S D Heron O E Harder and M It Nestor Amencaa Soc ety for Testing Materials ^ymponun 
on Sew MatenaX3 \n Tramporlalion pp 1 25 1040 

t Loss expressed in tng for entire test because of iincerlainty of area. 

1 15 to 16 Ib of dry air per pound of fueL 
i 12 to 13 lb of dry air per pound of fueL 
I In 170 hr 

^ Not used aa an exhaust valve material but included for eomparati%e purposes. 

The action of exhau-t gases from internal combastion enginca on xahe steels has 
been reported -*5 It is «tated that corrosion of the extenor of the hot t alve is due to the 
combustible charge and its products of combustion The more important components 
in the charge that may combine with the steel before or after combustion arc ox>gcn, 
hj drocarbons, aldchjdcs, carbon dioxide, carbon monoxide, hjelrogen, water >apor, 
sulfur dioxide and sulfur trioxide, decomposition products of lead anti-knoch com- 
pounds, halogen acids, mtrogen oxides, nascent nitrogen, and free carbon Of these 

** S D Heron O E Harder and M R Neelor Symponutn on Hew MatmaU w Troiujwrlj/«m 

A a T M pp 1-25 mo 
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component-s the mo-t important reacting media appear to be lead compounds, 
oxygen, and reducing agents 

The relati%-e fcaiing properties of eome of the more important ralve steels in 
exhaa-t ga-c 3 containing lead are given in Table 17. These data show that the scaling 
rc*^istance is chiefly a function of the chromium content of the steel and that 
chromium appears to be the outctanding useful alloying addition. Silicon has a 
beneficial effect on resistance to scaling when the chromium content is lecs than 20% 
but it has negligible effect when the chromium content is greater. 

CoRHOfelOX Bi' Co:CDE.V«IXG FlUE Ga.<5E3 

A. vciy^ comprehensive *^f^rifs of te^t^ on the corrosion behav'ior of metals in con- 
densing flue ga-e^ has been carried out.'*'^ In one series, 18-8 steel showed practically 
no corrosion. However, in another scrico of teat% all but three of trventy-two samples 
of stainless steel ehowed seicre attack that resulted m pcrlordtion of !^ome test stnps. 
The 17% ehromium steel was attacked fir^t. Increasing the chromium content to 27% 
delayed but did not prevent attack Among the .=i\ .‘•ample.' of 18-8 .“teel a considerable 
difference in degree of attack occurred. A similar variation in corro-ion re-'i-tance 
was noted in the 18-8 columbium and 18-8 titanium stecl=. Corrosion of the molyb- 
denum-bearing 18-8 steel was found to be practically nil, showing the marked influence 
of moljbdenum in improiing the resistance of the Cr-Ni Eteel« to condensing flue 
ga=c5 containing sulfur compounds. The samples of 2.1-12 steel showed a resistance 
to corrosion somewhat higher than that of straigfit 18-8 steel. Howeier, the 25-20 
hlccla were much Ic^s resistant than the 25-12 sleel-j and the 25% chromium steels. 
As a rc'ull of thc ,'0 tc=ts, it was estimated that in an atmosphere of condensing flue 
gas vapors rc-ulting from the combu-tion of manufactured city gas, 20-gage sheet 
metal, when exposed from one side only, would fail by pitting within the approximate 
time limits given m Table 18. 
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AUSTEXITIC CHROMIUM-NICKEL-SILICON STEELS 
The effect of silicon on the ovidation of IS-8 steel 13 indicated by data ghcn 
in Table The improvement in resistance to oxidation shown by these data 13 


Table 19 EFFECT OF SILICON ON OXIDATION RESISTANCE OF IS^ 


Silicon, % 

Held 3G hr at 

OSO* C (tSOQ” F) 

ai,„. 

Ileld 72 hr at 

OsO'C (ISOO" F) 

Penetration, 

ip> 

Loas. todd 

Penetration, 

ipy 

Loss, mdd 

0 40 

0 S3 

47t,0 

0 S2 

I 51 

8134 

1 10 

0 40 

26,6 

1 S6 

0 30 

2114 

2 14 

0 043 

2-0 

S 02 

0 OOO 

43 8 


undoubtedly related to the nature of the «cale formed when silicon is present 
Silicon 13 al^so added to the 25-12 and 25-20 steels to improve oxidation resistance 
If more than 2 % silicon la pretent, cracking and cheekmg will occur on hot working 
Silicon is added to castings to improve fluidity as well as oxidation resistance, and 
Jt IS common to add 1 to 16% to improve soundness The influence of silicon on 
scaling of exhauat valve steels has already been mentioned. 


AUSTENITIC CHROMIUM MANGANESE STEELS 
Wrought low-carbon steeU contatniog about 18% chronnum, 9% manganese, 
with and without small copper or mckel additions, ^^>5° have oxidation resistance 
similar to that of the I8%Cr-S%Xi etceU As m the Cr-Ni steels, the limiting 
temperature for re-istance to oxidation i» dependent upon the chromium content 
At elevated temperatures, however, the Cr-Mn steels have neither the strength nor 
the creep resistance of the Cr-Ni steels They have the advantage, however, of 
superior resistance to attack by gs'fts containing 'uJfur dioxide and Jo*drogen sulfide 
Experimental data'll showing the comparative resistance of the Cr-Mn and the 18-8 
steel to sulfur-bearing compounds are shown in Table 20 
According to Kinrel and Franks.K' Cr-Mn steels have been used for cover and 
carrier sheets in annealing furnaces becan^e of re“u>tance to hot gases containing 
sulfur compounds. Electric smelling furnace coiera have aUo been made of the 
Cr-Mn steels. 

CHROMIUM CAST IRONS 

Chromium-bearing cast irons* arc frequently employed for heat-resistant purposes 
Their important properties from an industrial standpoint are the following: (1) 


* T> pical cowpoeitions are 


Lmt Cr 

C 2 &-3 5^ 
St 1 S-3 S% 
Cr 0-3^e 


IliSh Cr 
X-3 5% 

0 2oC;-2 S'# 

12-30% 


« J A MathfW!. Jnd Enff Chrm . 21 0920) , , 

« E Thwm. The Eoofc of Swtnlai SUtU. pp 43l-l« O A Miithew*) American Soeieir tor N'**!*. 


II;1J Hook Co . \c* ^ ork, IWO 

**F M. Becket and It franks. Book o/5iaiBl<»* S 
for Metals, Cleveland Ohio, 1035 , , . tv r.ii. V V 

»' CnpubUshed data from Union Caib.de and C»ri»w RweMtH ^Wtone*. Inc^Ntwara 

**A B Knsteland Il.FrttA*.dtloy«o//f«it awfCAromtus 

I 01 Book Co , New k ork, 1910 


I, Chapter lO-C, pp <07-501, American Society 


j, II, The Engineenn* Foundation, McCraw- 
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resistance to oxidation and to structural decomposition; (2) resistance to wear; 
(3) resistance to corrosion; and (4) high fluidity. 

Tablu 20. COMPAR.\.TIVE RESISTANCE OF M’ROUGHT Cr-Mn AND 18% Cr- 
8% Ni STEELS TO SULFUR-BEARING COMPOUNDS 

Composition of Alloys 


Cr 

Ni 

Mn 

Cu 

c 

17.00 

9.04 

0.40 

.... 

0.10 

17.73 

. • > • 

S.03 

o.so 

o.os 


Corro?ivo 

Gas 

Conditions 
of Teat 

i 

Duration 
of Test, hr 

A 

% Loss 
in Weight 

B 

% Loss 
in Weight 

Sulfur dioxide ■ 

400° C (750° F) 

1.500 

0 04 

0.1.1 


.550° C (1020° F) 

7.30 

0.3S 

0.10 

" 

900°-050° C 
(1G50°-1740° F) 

! GG 

1 

1.51 pitted 

0.47 no pitting 

Hydrogen suindc 

550° C (1020° F) 

750 

I 4.0 

2.70 

<• «i 

850° C (1500° F) 

GO 

1 Converted to sulfide 

Converted to sulfide 



0 20 40 60 80 100 120 

EXPOSURE TIME, HR 


I.EO 

1.26 

1.00 

0.76 

0.60 

0.25 

0 

1.26 

1.00 

0.75 

0.50 

0.25 

0 

0.40 

0.32 

0.24 

0.16 

0.08 

0 

0.12 

0.09 

0.06 

0.03 

0 






□ 

□HTT 

■ 



■ 

■ 

■ 


1000®C tl830°F> 

■ 


■ 

■ 









■ 

m 

9 

i 


■ 

■ 

■ 

■ 

9 

9 

■ 


■ 

■ 

ll 


K 

9 

■ 

i 

9 

9 

■ 

■ 

■ 

■ 

■ 


■ 

■ 

K 

S 

a 

■ 

9 


ii 


m 

m 


irrmr 

■ 





900°C (I660'’F) 

■ 


9 

m 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

m 


i 

m 

i 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

m 


9 

m 

i 

a 

g 

■ 

■ 

■ 

■ 

■ 


w 

■ 

■ 

■ 


HTT" 

~rr 

n 

9 

■ 

I 

h 

e00°c (1470°F1 


9 

i 

3 









K 

9 

■ 

■ 


■ 

■ 

9 

■ 

9 

9 

9 

m 

■ 

■fa 


m 

m 

■ 

9 

9 

9 

9.1 


m 

■ 

9 

9 

9 

~rrrr 

T 

H 

9 

9 

9 

9 

TOO'C (129 

D°F) 

9 

a 

9 

9 

9 

1 

1 

1 


1 

~r 

_ 

L_ 

9 

9 

9 


_ 

_ 


_ 

■91 


4 8 12 16 20 

CHROMIUM, PERCENT 


24 


Fio. 10. Effect of Chromium on the Fig. 11. Effect of Cliromiuin on the 

O.xidation Resistance of C.a,st Iron in Air O.xidation of C.ast Iron Containing 

at 815° C (1500° F). Approximately 3% Carixtn and 2.25% 

Silicon, at 700° to 1000° C (1200° 
to 1830° F). 


Cast irons cont.aining more than 1% chromium show .substantial improvement in 
oxidation resi.stnnce over ordinarj’ gray iron. In many applications the use of 1% 
chromium cast iron ha.s been found .satisfactory at tempcrature.s up to 760° C 
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(1400® F) The addition of 1 to 125% chromium greatly retards "growth” and, 
because of less warpage, impro\ ea the life of the casting under repeated heating and 
coohcg conditions For temperatures abo-ve 760® C (1400® F) the cast iron should 
contain 15% or more chromium for high re«i«tance to oxidation The upper limit 
of chromium m oxidation-resi'tant irons is approximately 35%, and such irons hare 
not been harmed b> repeated short penods at temperatures as high as 1150* C 
(2100® F) Table 21 and Figures 10 and 11 show the beneficial effect of chromium on 
the resistance of cast iron^a.s^ to oxidation 


Table 21 RESISTANCE TO OXIDATION OF POLISHED 0 5-IN. CUBES OF 
CHROMIUM CAST IRON AT 815® C (1«)0®F) AND 1000® C (1830® F) 


Chromium % 

1 Teat Temp | 

Duration 

Change in Weight, % 

•c 

»F 

of Teat, hr | 

0 

S15 

1500 

14S 

8 0 loss 

0 77 

•' 


" 

5 3 loss 

1 29 




5 3 loss 

15 45 



" 

0 03 gain 

0 

1000 

1S30 

43 

24 2 lou 

IS 




0 4 gam to 6 5 loss* 

23-25 



** 

0 02 gam to 0 10 loss* 


* Depeadme upon carbon and eiLcon eontenta 


CHROMIUM-SILICON-IRON ALLOYS 
C L Cl-ABK* 

Increased silicon content is beneficial m improimg the high-temperature corrosion 
resistance of chromium-cootaming steels in certain t>'pcs of environments It is 
particularly effectu e when the alloy is exposed to air or to products of combustion 
normally encountered m commercial furnaces On the other hand, it exerts little, if 
any, improieraont when the attacking medium is highly euperheated steam 

The effectiveness of increased silicon content on oxidation resistance is illustrated m 
Fig 1 It will be observed that an increa'c in the silicon content of a 5%Cr-Mo 
steel from 0 18 to 0 93% caused a marked improvement m the resistance to oxidation 
at teraperafares up to 570“ C (1000“ D la fact, the higher sthcaa eteel is as reszstast 
to scaling at 870® C (1600® F) as the lower silicon steel at 650® C (1200® F). An 
additional increase to 155% silicon results in only slight further improvement 

In hot air and in furnace combustion gases the available data indicate that the 
beneficial effect of silicon within the above range in the presence of chromium is 
about seven times as effective as chromium In other words, if the silicon content 
of a steel is multiplied by seven and added to the chromium content, the oxidation 
resistance is about as would be expected for the equivalent chromium content 

Increased silicon content often improves the corrosion resistance of an alloy in hot 
petroleum products as encountered in thermal cracking proce&’es provided the 
corrosion rate is not too severe For example, m one particular installation, a 1% 

• The Timk«n Holler Deann* Co , Cantoo Ohio 

“ Electro Metallurtieal Company. New ^ork City. CAromium in C<ui Iron. 1939 

Ma B Kintel and Jt Frankj AUoyt of Iron aadChrom\>m 11, The Foxineennx Foundation, McGr»»- 
KJl Book Co , New York. IWO. 
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chromium steel gave a life four times that of carbon steel. When the silicon content 
of this chromium steel was rai.=ed from 024 to 1.17% the life was further increased to 
6.5 times that of the carbon steel. In another application a 3% chromium steel with 
1.35% silicon gave a longer service life than a 5% chromium steel with a normal 
silicon content. 


TEMPERATURE, 'C 

GOO 700 BOO 900 



TEMPERATURE, T 

Fio. 1. Effect of Silicon Content on O.vidntion Resistance of 5% Cr-Mo Steel in Air. 


Si 

C 

Cr 

A 

Mo 

Mn 

P 

S 

O.IS 

O.IO 

5.00 

0.55 

0.45 

0.018 

0.010 

0.93 

0.11 

5.24 

0.69 

0.40 

0.009 

0.012 

1.55 

0.10 

■1.S3 

0.51 

0.3S 

0.011 

0.010 


Under conditions in which the corrosion by hot petroleum products is more severe, 
and in the presence of large amounts of chromium, the beneficial effect of increased 
silicon content is not so apparent. For example, Fig. 2, presenting the results obtained 
from three different refineries, shows a fairly definite relation between chromium 
content and corrosion loss, regardless of the .silicon content of the individual steels. 
Under these particular conditions chromium content appears to bo the controlling 
factor. An incre.ose in the chromium content from 2 to 4% doubles the corrosion 
rcsist.ance. Likewise a 7% chromium steel is twice as resistant as a 5% chromium steel, 
and a 9% steel is twice as resistant as a 7% steel. 

In superheated steam, silicon content has little if anj' influence on the corrosion 
resistance and m.ay, in fact, be slightly detrimental. Results obtained at Purdue 
University on steam corra^ion tests at 050° C (1200° F) are presented in Fig. 3. 
Even though some of the steels contained in excess of 1% silicon, all the results 
fall on a continuous curve when plotted as chromium content versus the ratio to 
plain carbon .«tcel. Results for oxidation tests in air at 080° C (1250° F) are included 
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in this «3me figure showing that uahke data for «!team increased silicon content 
definitel> impro% es re«i tance to attack 

From the results pre ented it follow* that general •'tatements cannot be made 
concerning the influence of increased <nIicon content on the high temperature corro- 
sion resistance of chromium bearing steela without reference to the emironmcnt 
However in aerj few applications is nlicon addition detrimental and eien in the 



Fio 2 Effect of Chronuum and Silicon. Cantent on the Corrosion Resistaioe 0 / Steel In 
Hot Petroleum Products 

A P 1 «tr p com* on ipecimeDs C X 1 X 1 m iMlalled «o un s as desieaaled. 

case of 'team 'uperheated tube' increased «ilicon content is beneficial m combating 
the oxidation of the outer lube wall in contact with products of combustion It w 
bebeted that proper consideration has not been giten to the Cr Si steels and that 
when their corrosion resistant charactenstics arc properlj appreciated their use wJI 
be greatly broadened • 

*Tb« Cr-Ni-S> *Dd reUted for lucb tcoipersture Brnrice are discuned od p. 6C2. 
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Fio. 3. Influence of Silicon Content on the Corrosion Resistance of Stool in Steam and in Air. 

Alloys oiposod to steam contain variable amounts of silicon. 

CHROMIUM-ALUMINUM-IRON ALLOYS 
W. E. Roteji* 

A variet 5 ’ of composition.si of these alloys ha.s been sugge.sted for .stability at higli 
temperatures and for electrical resi.stors .suitable for operation up to 1350° C (2460° F). 
A partial list of trade names, comi)ositions, and properties is given in Table 1. 


Table 1. COMPOSITION AND OPERATING TEMPERATURE 


Name 

Approx. Composition 

Approx. 
Resistivity, 
microhm-cm 
(room temp. ) 

Max. Opcralinj; 
Temp. Claimed 

Reference 

1 

Cr 

A1 

Other 

°c 

“F 

Alcres I 

15-35 


min. imp. 

200 

1.300 

2375 

(1) 

Alcrcs II 

12-15 


** ** 

120 

SOO 

H75 

. . . 

Chromal 

2S-31 


«* *$ 

... 



(2) 

Fechral 

I.3-M.5 


+0.2 Ti 

. . . 


... 

(2) 

Kanlhnl A1 

21 

G.5 

Co 2.0 

H5 

1350 

24rx) 

(3) 

Kantlml A 

24 

5.5 

** *• 

1.39 

1.300 

2375 


Knnthal D 

2d 

4 5 

" ” 

135 

1150 

2100 


McRapyr 

30 

5 ' 


no 

1300 

2375 


Ohmaloy 

12-15 

4-5 

... i 

120 

SOO 

M7S 

... 

Ohmax 

20 

8.5 


IGG 

1.300 

2375 


Smith No. 10 ' 

37.5 

7.5 

... 

170 

1315 

2100 

(d) 


(1) W. K. Ruder. U. S. Patent l.K33,723 (1031). 

(2) I* Kornilov /ind V. Mikheev, Comp. rend. Acad. Sd. (USSR), 24, D(U, t>07, 911 (1939). 

(3) U. Schoonp, J^leUrotrdrmf, 7, 220-220 (1937). 

(4) S. L, Ho>-t, MdaJ 28. 3S (July* 1935). 

• Research Laboratory* General Electric Co., Schenectady, X. Y. 

^ I- Kornilov ct ah. Comp. rend. Acad. Sci. (USSR), 24, 904, 907, 011 (1939). 
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Effect of Composition* 

Figure 1 shows the effect of aluminum and chromium content on loss of weight due 
to oxidation m air after 240 hours at 1100* C (2010* F) The authors conclude that 
with 9 to 10% aluminum there is no adv'antage in adding more than 20% chromium 



Flo 1 Oxidation of At Fe Alloy* at 1100* C (2010* F) vn Air aa a FuncUon of Chromium 
Content (Multiply by 240 to obtain add ) 

Effect of Atmosphere* 

Figure 2 illustrates the relative effect of atmasphcrc on a 30% Cr-5% Al-65% Fc 
alloy at 1200* C (2190* F) in terms of percentage increases in electrical rc'istivity and 
life of lO-mil wires Comparative data for the Ni Cr and Ni Cr-Fe alloys are included 
Life test data of th&'c alloy wires m various almasphercs are given in Fig 17, p C99 
Nitrogen is particularly harmful to the Fe-Cr-Al alloy Figure 3* gives similar data 
for the 37 5% Cr-7i% Al-bal Fo alloy 

These alloys are very resistant to sulfur bearing gases* and in this respect have s 
decided advantage over the nickel-ricb alloys (Table 2) 

Meciuxical Properties* 

The tensile strength as drawn, of Ihe'e alloys containing up to about 5% aluminum 
13 comparable to that of the Ni Cr alloys but the ductihty is Jew than one-half at 
room temperature 

•However deta on eipoeure of 28%Cr-l S'JAl alloy to nl/ur repor appear to Indicate that alumi- 
num deereaaei re* stance to attack (Table 41 p 653> ForrOK 

*I Kornilov and R. Min* Cmtp rend Am4 Sci (USSRJ 34 78-82 {1912) 

*W Ileeaenbrueh E llortt and K Schicbtel Arch EuenhCUcntc 11 225-229(1937) 

* B L. Hoyt itctal Protre" 28 38 (July 1935) 

8W Hesaenbruch EZc4lrotcorme 7 7-12 (1037) 
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2. COMPARATIVE EFFECT OF VARIOUS GASES ON NICKEL- AND 
ALUMINUM-BEARING ALLOYS 
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The creep ■strength la %ery low, and eleetncal rasiotance unjts must therefore be 
well supported when u-^d at temperatures abo\e 700* C (1300* F) Softening begins 
at 500* to 600* C (930® to 1110“ F) and reerj tallization is complete at 700® C (Vires 
operated at SOO® C (1470* F) and abo\e are %cry brittle at room temperature 

Precautions 

Satisfactory operation of heating elements of Fe-Cr-Al alloys at temperatures 
up to 1350® C (2460* F) depend* upon proper mechanical support of the element to 
prevent sag and the use of refractory bnck and cements free from silica, iron oxide, 
or alkalies 


MAGNESIUM AND MAGNESIUM ALLOYS 
TV S Loose* 

Am AND OXYGEN 

Pure Magvesiuii 

Experiments on high-tempcralure oxidation of magnesium and magnesium alloys 
were carried out by following the increase in weight of thin specimens of approxi- 



Specimen eie — UX254X01 ®™f®5XI0 XO<MO in ) Specimen preparation — finnhed nth 
9/0 Aloiue paper 

mately 1 sq m m area as a function of time * This confirmed the earlier prediction"* 
that magnesium oxidizes according !o a Imcar law, as illustrated for the temperature 
range 500® to 575® C (930* to 1065* F) m Fig 1 Because a wide range of rates at 
each temperature was obtained efficient specimens were oxidized to obtain a repre- 

• The Dow Chemical Co Hidland Midi. 

’ T E Leonti* aod F N Rime* Troru Jn JntL Jfininp Vrt Snfrt . 366 2CS (1946) 

* N B KUia* and R- K. Bedworth / I«t ifetalt »9 372 <1923) 
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scntative average. The results are summarized in Fig. 2, where it is observed that Uie 
Arrhenius Equation is closely observed; that is, the temperature dependence of the 
rate of oxidation can be expressed bj’ an equation of the following type: 


k = 


where k = rate of oxidation, 

Q = heat of activation for the reaction, 
T — absolute temperature, 

A = reaction constant, 

R = gas constant. 





Fig. 2. Effect of Temperature on the Unto of Oxidation of Pure MaKiicsium in Air and O.xygcn. 

Specimen fiirc — 1.3 X 2.34 X 0.1 cm (0.3 X I.O X 0.040 in.). Surface preparation — fini*<licd witliO/O 
Alo.xilo paper. Duration of te.'it — 12 to 72 hours. 


In Fig. 2 are also shown the results for the oxidation of cast and rolled magnesium 
in dry air and in pure oxygen, respectively. In general, it was found that the rate was 
always higher in air than in pure oxwgcn. 

Another interesting feature is that after a length of time, depending on the tern - 
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perature, sQ abrupt increase in the rate of o^dation occurs but the linear Jaw u 
«till obejed It is belie%cd that the glower initial rate is due to the protccUie action 
of the normally formed h^ droxide film, which, at a certain critical point, breaks down 
w.ith a resulting higher rate of oxidation 

» 

ATOMIC PCACTNT ALUMIMJM 



Flo 3 ESccl ol AlumiQum Content o» Rato ol Ondation of Masnesium m FufC OxiRca- 

«:pecimen • ze — 1 3 X2 o4 X 0 I era (0 5 X* O XOtMO in.) .Siirface preparation — finished wilh 9 XI 
Mouie paper DvuaUon te« — • 12 to 48 trail*. 

Magnesiusi Allots 

A etudj of the effect of lanous allowing elements on the oxidation of magnesium, 
with special ernphasis on the Mg-Al ami the Mg Zn allots, showed that the linear 
Hw of oxidation is obejed, nith slight dciiatioos in «ome cases toward slower rates 
ol the beginning oS the crjdjtion cur\e Doth aJummum and ginc mCTca^c the rale 
of oxidation as is shown in Figa 3 and 4 The rate of oxidation rapidlj increases with 
increasing aluminum content up to 105 & at which point there is a marked lev ding off 
It should be noted that this corresponds approximalelj to the limit of solid solubility 
and that the 1SCC% alloy has a Iwo-phase structure whereas all the other alloys 
studied were single pha'e at the temperature of oxidoiioa Zinc ;nerc3.®es the rate of 
oxidation by about the same amount as aluminum, but no two-pbosc alloys were 
inicsligated m this system 

Copper and nickel produce the most marLed increase m the rate of oxidation of any 
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elements investigated, including aluminum and zinc; 053% copper increases the 
rate about the same amount as 9.49% nickel. Tin and gallium in amounts of 3.7S% 
and 2.38%, respectively, increase the rate of oxidation about the same amount, but 
decrease the heat of activation of the reaction considerably more than any other 
elements; hence, their effect is more marked at the lower temperatures of the range 
investigated, 500° to 550° C (930° to 1020° F). Silver and lead increase the rate of 
oxidation moderately, whereas the elements indium, thallium, cadmium, iron, 
manganese, silicon, and calchmi have hardly any effect. 


TOMIC PERCENT ZINC 
0 58 ! }5 



Fio. 4. Effect of Zinc Content on Rato of Oxidation of Magnesium in Pure O.xygen. 

Specimen size — 1.3 X 2,54 X 0,1 cm (0,5 X 1.0 X 0,040 in.). Surface preparation — finiBhcd with 0/0 
Aloxite paper. Duration of test — 12 to 48 hours. 

There is an indication that silicon and calcium have a beneficial effect at the higher 
temperatures. An alloy containing 054% cerium plus 0..32% lanthanum was found to 
bo the most oxidation-resistant of all the alloys investigated and had an oxidation 
rate considerably below that of pure magnasium. Beryllium, even in cpiantitics of Ic.-s 
than 0.001%, has the mast marked effect of any known alloying clement in decrca.«ing 
high-temporatiue corrosion. The presence of less than 0.01% in some magnesium 
alloys has been shown completelj’ to prevent oxidation in air at temperatures up to 
incipient fusion. 

Effect or Water Vapor, SO:, axd CO. 

The effect of variou.s gases on the oxidation rate of pure mngno.'ium at 550° C 
(1020° F) is shown in Table 1. Both carbon dioxide and sulfur dioxide are very effec- 
tive in deceasing the rate of oxidation of magnesium, whereas water vapor has a 
marked tendency to increase it. 
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Table 1 EFFECT OF \ARIOUS GASES ON THE OMDATION RATE OF PURE 
MAGNESIUM AT 550* C (1020* F) 

Spec meneie— 13 X2M XOIem (OS X 10 X0O40ift.i 
Surface preparation — Finished with 9/0 Aloxite paper 
Duration of teat — 12 to 43 houta. 


Gaa 


Rate c/ On^um 
IfetffAi Cain mdd 


Pure Oj 5”6 

saturated with H O at 28* C (S'** F) 1464 

Pure CO* Neglig We 

Pure SO* J>egLeib!e 

O* + sn SOt Veg] gible 

0*-f-ll%COt Negligible 


Protective Measures 

At heat treating temperature oxidation maj best be pretented through the use 
of atmo pheres contaimng at lea*:! 05% *ulfur dioxide Protection against burning 
IS achieted through the formation ot a film of anhjdrous MgSO* This film is of the 
order of 3000 A thick The degree of protection increases with increasing sulfur 
dioxide content the telocitj of the film reaction jacreasmg with conccotratioa 
Sulfur dioxide la effectite in minimizing surface oxidation up to and abote the melting 
point of the alloj 

Fluorides are aLo effectne in presenting high temperature oxidation through the 
formation of a MgF** film on the surface At heat treating temperatures (3o0* to 450“ C 
1660“ to 840“ FJ) ammonium borofluonde and «ilicoftuoTtde will decompae and form 
a fiuonde protcctn e film Thu film is not stable abo%e approximately 375“ C (700“ F) 
breaking down to form MgO and «ome amorphous material in 4 hours Because of 
tbcir loatability magne mm fluoride films are not so clTectnc as films formed k> 
sulfur dioxide under heat treating conditions when relatnely long times may be 
invohed 


STEAM 

The corrosion of raagne-ium alloys in steam B ^hown for typical alloys in Fig 5 
At 100“ C (212® F) the corro ion rate in the «tcam phase is distinctly greater than 
m the liquid phase Abo\ e this temperature the Mg-15% RIn alloy exhibits a greater 
tendencx to corrode m steam than alloys containing aluminum or aluminum and rinc 
^ ith the ternary alloys there appears, to be a flat portion of the curx e between 100’ C 
(210“ F) and 120“ C (2o0“ F) where increasing temperature does not affect the 
corro ion rate Aboxe this temperature hydroxide formation proceoeb rapidly ^tith 
the Mg-15% Mn alloy this flat portion of the curxe does not appear to extend aboxe 
approximately 110“ C (230* F) 


OTHER GASES 

■Magne«ium and its allors are protected m an atmosphere of 100% hydrogen 
Hydrogen becomes more «olubIe in maRne«ium with increasing temperatures but 
the pcesibility of its combining with magnesium at temperatures below the mcltinc 
point has not yet been studied 

MapnC'ium mas be melted under an atmosphere of mlrogen although fome 
RfgaN" IS formed l\'hethcr any magne lum mtnde is formed below the melting point 
has not been determined Hj droearbon gases may be u cd to protect solid magncuum 
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TEMPERATURE 


I.I2 


56 


.80 


.64 


.48 


.32 


.16 


.08 


Flo. 5. EfToct of Temperature ou Corroi>ion Rate of Magnesium Alloys in Steam. 

Specimen eisc — ’7.5 X3 XO.j cm <3 X 1-2 X0.2 in.). Surface preparation — ground. Duration of 
test — 30 days at temperature up to 12G'> C (250° F). 7 days at 150° C (300° F). 


from high-temperaturc oxidation and are, in fact, being used in some cases for heat- 
treating atmospheres. 

Although onljr qualitative data are .available, magnc.sium apparently rcact-s slowly 
with dry chlorine at temperatures up to the melting point of the metal. Dry bromine 
reacts slowly with magne-sium alloys at ISO” C (300° F). With fluorine, a protective 
film of MgFj is formed. In the presence of oxygen or moisture, this film apparently 
bre.aks down at high temperatures. 

Magnesium is completely protected in both the solid or liquid stale by atmospheres 
of helium or argon. These gases are widely used for arc-welding magnesium. 

Pure magnesium is not attacked by carbon dio.xide or sulfur dioxide at 550° C 
(1020° F). (See Table 1.) 


NICKEL AND NICKEL-COPPER, NICKEL-MANGANESE, AND 
RELATED HIGH-NICKEL ALLOYS 

W. A. Mudge* 

Nickel and the commercial high-nickel alloys considered in this chapter have the 
nominal chemical compositions summarized in Table 1. At high temperatures the 


Development and ne»entcb Divieion, Tlic International Nietel Co„ Inc., Xc«- York, N. Y. 


CORROSION RATE, IPY 




* Includes a small amount of cobalt, 
t Registered L S Patent Office 


u^efulnc-S of nickel and high-nickel allots not containing appreciable amounts of 
chromium la determined largelj by the sulfur content of the atmosphere and is 
greate t in atmo pherc£ which are sulfur free 



Ha I Rates of Oxidation of Cu Ni ^Vlloys (N B Pilhng and R I Bed^orth) 


AIR (AND OXYGEN)* 

The extent of oxidation of nickel, copper, and their allojs, one hour m air at SOO* 
(o 1000* C (1470* to 1S30* F) is gitcn m Fig 1 1 (Some data for the I9e 

' Data on ojidalion ratca of mekel at 4S5* fo 6S5*C are giren In Fig 2 p 12 Note that Ibe n'« 
ailhjn this temperature range is r tpim entcd as a loganlhfme function of time At higher temperaturt* tfce 
rate is stated to be a parabohe function of tune. (N B Idling and R. E Bedaortb J IntL MrtaU t* 
£20 £S* (1C»23] ) EniToa. 

• N B Filling and Pw E Bedirortb Ondatioa of Copper Nickel Alloys at High Teaperatufe* 
Ud Ena Chtn., 17. r’2-37C (IMo) 
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and 20% Ni-Cu alloys arc given in Tables 4 and 5, p. C25-G2G.) The addition of coiipcr 
to nickel, and nickel to copper, causes specific changes in the rate of oxidation Init not 
in the mechanism of reaction which, in the binary allo 3 ’s of the two metals, resembles 
that of simple metals. 

Specimens, Tr in. in diameter, of commercial materials heated in moving air for 
15 daj’s have given the results summarized in Table 2." 

TAnr,E 2. OXIDATION IN AIR AFTER 15 DAYS AT TEMPERATURES OF 
700° C TO 1000° C (1290° TO 1830° F) 


Material* 

Depth of Metal Penetration 

700° C (1200° F) 

800° C (H70° F) 



(1) Nickel 
(3) Ni,-1.5%Mnt 
(•I) Ni.30%CuJ 
(5) Ni,20%Cu,3%A15 

0.0 

cm 

in. 

ern 

in. 

cm 

in. 

i 

0.0 

0.0 

0.01 

0.0025 

0.013 

0.-I70 

0.00 

0.001 

0.017 

0.185 

0.20 

0.023 

0.0.53 

0.820 

0.00!) 

0.021 

0,323 


• Numbers correspond to analyses listed in Tnblo 1. 1 **D’* Nickel. } Monel. § “K” Monel. 

The results of laboratorj’ studies of the effect of small amounts of added elements 
upon the rate of oxidation of nickel in air at 980° C (1800° F) for periods up to 4 
hours arc given in Table 3.^ 


Taui-k 3. THE EFFECT OF SMALL AMOUNTS OF ADDED ELEMENTS ON 
THE RATE OF OXIDATION OF NICKEL AT 980° C (1800° F) 


No Appreciable KfTcct 

Oxidation Increased 


Max. Amount 



Element 

Present, Co 

Element 

Present, % 

Barium 

0.05 

Aluminum 

1 . 

Boron 

0.02 

Chromium 

0.2 

Carbon 

0.21 

Cobalt 

fi. 

Copper 

10. 

Columbium* 

0.5 

MnKiie.sium 

0.1 

Iron 

10. 

Silver 

0.25 

Man«anc8c 

5. 

Sulfur 

0.012 

Molybdenum* 

1 . 

Tellurium 

0.02 

Phosphonis 

0.02 



Selenium 

0.02 



Silicon 

2. 



Tantalum 

0.25 



Titanium* 

0.4 



TunKBten* 

1 . 



Vanadium* 

0.5 


• Contains iron. 


Protective measures, .such as metallizing, arc usuallj- not employed to increase 
resistance of the liigh-nickel materials to oxidation. 

* Unpublished data. The International Nictcl Co., Inc., New York, N. Y. 
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Color of Oxide 

The oxide formed on nickel by beating m air or oxygen is dark green in colors 
The effects on color produced bj small amounts of several elements are indicated 
in Table 4 * Iron, copper and mangancae influence the color of mckel oxide markedly 


Table 4 TIIE EFFECT OF SMALL AMOUVTS OF ADDED ELEMENTS ON 
TilE COLOR OF NICKEL OXIDE PRODUCED B\ HE\TING IN 
OX'iGEN AT 1010“C (1850- F) FOR 15 MINUTES 


Oxide Color 'Onchanged | 

j Oude Color Changed 






Resultant 

Color 

Element 

Content 
Studied % 

dement 

1 

tVh eh Effect 
Was Apparent | 

Banum 

0 s 

AluDnntim 

0 1 

Apple peen 

Boron 

0 02 

Cobalt 

50 

Dull ttreen 

Cuban 

Q 24. 

CatunAnum* ' 

0 5 ' 

Brown green 

Chromium 

0 2 

(Copper 

0 5 

Brown green 

Lithium 

0 02 

(Copper 1 

5 0 , 

Dark brows 

Xtagnee urn 

0 IS 

Iron 

0 2 

Dark brown 

Selemum 

0 02 

Manganese 

2 0 

Black 

Slver 

Q 2S 

MoUbdeoum* 

1 0 

Brown green 

Sulfur 

0 012 

Phoepborua 

0 02 

Olive green 

Tentalum* 

0 29 

Si coo 

2 0 

Light brown 

Tetturtum 

0 02 

Tunceten* 

1 0 

Brown green 

Titamum 

0 1 

t anadiuin* 

0 5 

Brown 


■ CoBtaiiu iroa 


Spalunq 

The tendency toward spalling depends largely upon the expansion characteristics 
and composition of the oxide formed The maionty of the elements present in the 
commercial high nickel materials as given in Table 1, do not cause spalling Of the 
others the minimum concentration of alloying element to induce «paniDg %aric3 
with the element The elements having the greatest spall producing tendency are, m 
decreasing order of their effect chromium iron, and aluminum The elements 
vanadium, tungsten, and molybdenum aggravate spalling m the presence of iron 

TiiEnsiocouPLE Allots 

The 45^0 Ni-55% Cii alloy,* coupled with iron and the 10% Cf-5055>Ni allo) t 
coupled with 2% Al-2% Mo-1% Si-9o% h.i alloj t are used for thermocouples Con- 
stantan iron couples arc recommended for longtime use up to 875® C (1600® F) 
without protection and may be U'ed for short time work at temperatures up to 
1100° C (2000° T) when enclosed m suitable protection lubes to mmimue oxidation 
Chromel Alumel couples are recommended /or Jong time u<^c up to 1100*0 (2000*7) 
Without protection and may be used for short time application at temperatures up to 
1300® C (2400® F) when enclosed in suitable protection tubes 

* Cotutant»n. 

■f ChromsL 

i AttttneL 

*N D riQinaandlLE Bedworth Tht OntUlwnot M«l»L M H et T«mperUur« / 

« SM (»>2a5 

‘ UnpubUheJ daU The Inttroalioial N«kel Co loe NevrTorV N Y 
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In reducing atmospheres containing carbon monoxide or hydrogen the usual prac- 
tice is to protect the couple. Neither thermocouple should be used in sulfidizing 
atmospheres without enclosure in the proper kind of protection tube. 

STEAM 

The high-nickel materials arc resistant to steam below temperature limits which 
are specific to the particular alloy. Beyond these limiting temperatures, embrittle- 
ment may occur.^.c Embrittlement results from intercrj'stalline oxidation, which 
may be accelerated by the precipitation of graphite in those alloys containing carbon 
and which also are low in iron and manganese. Table 5 summarizes the maximum 
temperatures at which uses of the high-nickel materials ,are recommended.® 

OXYGEN-CONTAINING GASES, SULFUR-FREE 
CAnuoN Dioxide (CO2) 

All the high-nickel materials are oxidized slowly by carbon dioxide at elevated 
temperatures, but the rate of oxidation is less than that by air at any specific 
temperature. 

Caiibox Monoxide (CO) 

Carbon monoxide is reducing to all the materials considered in this chapter except 
the Ni-29% Cu-3% A1 alloy.* Limiting service temperatures for some of the others 
are given in Table 5. 

Carbon monoxide is a suitable medium for bright annealing nickel and Ni-Cu 
alloys. 

SULFUR AND SULFUR-CONTAINING GASES (SO2 and EjS) 

Elemental sulfur reacts with nickel to form NijS below 600° C (1110° F) and 
NiaSa above 600° C (1110° F). With the solid-solution Ni-Cu alloys, an excess of 
sulfur produces a double-layer sulfide with CuaS on the outside and NiS on the inside.'' 

High-nickel materials, except tliose containing chromium, arc not usefully resistant 
to sulfur in .any form above approximately 315° C (600° F). Sulfur reacts along grain 
boundaries of nickel to form a low-molting Ni-nickcl sulfide (Ni.aSa) eutectic avhich 
causes brittleness. In oxidizing atmospheres, this sulfide is converted to niekel oxide, 
with retention of a high degree of brittleness. In reducing atmospheres, the formation 
of sulfide is cumulative, and the net effect is several times greater than that in 
oxidizing atmospheres due to the absence of the semi-protective oxide surface haver. 

Additions to nickel of chromium, iron, and -manganese, in order named, produce 
alloys which are resistant to sulfur. As service temperatures increase, the chromium 
content should be increased and the nickel content decrc.ased. Among the nlIo\-s 
used for mildly .sulfidizing conditions are 21% Cr-12% Ni (Type 309), or 25% Cr-20% 
Ni (Typo 310), or 16% Cr-35% Ni (Typo 330) stainless steels. (Refer to Chromium- 
Iron, Austenitic Chronmim-Nichcl-Iron, and Related IIcat-Rcshtanl Alloys, p. 640.) 

• "K” Monel. Binnrj' alloys of nickel and iron also react carbon monoxide. 

^ Unpublished data, The International Nickel Co., Inc., New* York, N. Y. 

' J. F. S.ifly. "Profound Alteration of an Alloy of Nickel-Copper in Super-eaturalcd Steam at 3S0° to 
•100° C.” Compt. rend.. IBG, IllO-lllS (102S). 

■ I. P. Podotfkii and N. M. Zarubin. "Tlie Action of Sulfur on Non-Ferrous Alloys.” FejfmV; Mrtallo- 
prom., 11 (No. 5). 57-G2 (1931 ): C. A., 2G, -1015. 
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alloy, (2) 207<,Mo-20%Fe-NiJilloy. (3) 30% Cu-Nj alloy; (4) mckel, (5) 139^^ 
Cr-6^% Fe-Ni alloj , (6) copper , and (7) carbon steel 


Table 6 RECOMMENDED MAXIMUM TEMPERATURES FOR USE OF 
VARIOUS METALS AND NICKEL ALLOYS WITH HCl OR CHLORINE 


Klaterial 

IadieAt«d MaJimura Temperature for Use 
in Contact «itb 

1 Hydrogen Cblonde | 

I Cblonna 

•c 

1 * ^ 

*C 

♦F 

Njckri 

5iO , 

1 1000 1 

540 

1000* 

Si, 13% Cr, 6 5% Fe (IneoBtl} 

S40 

1 1000 

5(0, 

1000 

Ni, 30% Mo. S% Fe (HasteOoy B) 

450 

1 850 

S40 


Ni, 20% Mo. 20% Fe (HasteUoy A) 

370 

700 

540 

1000 

Ni. 17% Mo, 15% Cr, 8% Fe {HastelloyC) 



510 

9o0 

Ni. 30% Cu (Monel) 

425 

800 

450 

850 

SJver 

425 

800 


800 

Carboa itetl 

225 

1 450 

1 ^ 

400 

Copper 

below 225 

! 450 

1 below 250 I 

SCO 


* lo dry cUonne. at 315* C (OOO* F), nieV«l u aupenor to IccoDe), Menel, or any of tba lIaitello}i 


CYCLIC OXIDATION AND REDUCTION 
AJtemate o^tidation aad reduction of the grain boundary loaterial occurs rapidly 
and progressively nhen nickel or the higb^nickel allots are heated in atmospheres 
which change repeatedly from reducing to oxidising even though the atmospheres 
are sulfur-free Such an atmosphere may contain either hydrogen or carbon monoxide 
as reducing gases and either mouture or carbon dioxide as oxidising agents Thu 
condition may be encountered in gas carbunziog, pack carburizing, annealing, and in 
heating for hot working Eienlually, the entire cross section of the material becomes 
embrittled Other than the elimination of the oxidizing gases to as great a degree as 
possible by maintaining an excess of reducing gases, no remedial measure js known. 

The probable resistance of Ni-Cr alloj s to this type of attack m decreasing order 
are 13% Cr-65% Tc-Xi alloy, 15% Cr..25% rc-C0% Ki alloy. 15%- Cr-50% Te-357c 
Ni alloy, and 20% Cr-80% Ni alloy Cyclic embrittlement is rare m 24% Cr-12% Nl 
(Tj-pe 309), 25%Cr-20%,Ni CTjpe 310), and 20%.Cr-25%Ni (Type 311) Btainlcss 
steels 


MOLTEN METALS 

Nickel is attacked more or less by all molten metals of low-melting point at a rale 
which increases rapidly with temperature The Ni-Cr-Fe allojs, the Ni-Fe allojs, and 
the Ni-Cu alloys, in order named, are more re^iistanl than nickel None of the materials 
considered m this chapter gives economical life in contact with molten metals. 


FUSED SALTS 

Carbon-free nickel* was dev eloped especially for the nitrate and nitrate-nitrife baths 
use for thermal treatment of alurumum and its allojs and for fused caustic eodat 


• “L" NieVeL 

t For eorroeiOD ral«, om p 262. 




HIGH-NICKEL CHROMlUM-dRON) ALLOYS GS3 

Nickel containing carbon is embrittled slowly at scr\ice temperatures because of the 
intercrvstalline precipitation of graphite Nickel the 70% Ni-309c Cii alloy, and the 
13% Cr-6 5% Fe-Ni alloj icsist the coriooue action of the ncutial chloiidc-carbonate 
and the high-speed salt baths if they are sulfur-free If sulfur or sulfate is present, 
originally or by contamination from operation, a Ni-Cr-Fe alloy is required. 


HIGH-NICKEL CHROMIUM-(IRON) ALLOYS 
M. A Hunter* 

The Ni-Cr-Fe alloj’s with liigh-nickel content are preeminently useful in all 
operations carried on at high temperatures In the form of castings they are used 
for carbuiizing boxes and fixed and rotary retorts in operations at 900° to 930° C 
(1650° to 1700° F), for retoits and auxiliary parts in the construction of furnaces 
operating at 975° to 1150° C (1800° to 2100° F), and foi containcis of molten liquids 
such as salt, cj’anide, oi lead opeiating at lowei temperatures Furnace containers and 
auxiliarx’- paits are also made from rolled sheet wheie the composition of the sheet 
lends Itself to rolling opeiations In the form of rod, wire, or strip this group of 
alloys pla 3 S a predominant role in the manufacture of electrical resistance materials. 

Ranges in Nickel and CimottiuM Content 

The nickel contents of alloj's hrgelj' considered in this chapter range from more 
than 55 to ns high as 80%, with a chiomium content of 12 to 20% The alloys in the 
lower range of both nickel and chromium are used as castings or wrought material 
in furnace parts, and the higher contents in the more cxtieme service of electrical 
resistance materials All these alloj's are outstandingly resistant when they are 
subjected to oxidizing or leducing atmospheies free fiom sulfur. In atmospheres 
which contain large amounts of sulfur, the high-nickel alloys are susceptible to rapid 
attack. Under these conditions alloj’s with lower nickel and higher chromium content 
are more serviceable. 

OXIDIZING AND REDUCING ATMOSPHERES 

The first application of this class of alloj's on an industrial scale in furnace operation 
was made bj"- J. C. Henderson ^ He c.ost an alloj’ of composition 60% nickel, 12% 
chromium, remainder non (emploj'cd at that time as an electrical resi'Jtanco material) 
in the form of carbuiizing boxes and used them with eminent success The use of this 
tj’pe of alloj' has been extended since then to manj’ other furnace part® operating at 
high temperaturea. In spite of their extended u®e m mdustrj’, the alloj s ha\e been 
subject to few precise in\ cstigations of coirosion behaiior under controlled condi- 
tions Their continuallj’ expanding u®e has been based entirelj’ on meritorious per- 
formance in industrial practice. 

Dickenson- made a direct compari-on of wrought carbon steel, Cr-Fe, and Ni-Cr-Fe 
alloj’s in which specimens were heated in air for oV: hours at temperature, followed 
bj' remoial of scale from the surface bj' scraping (Table 1). 

The results indicate e\ident supenoritj' of the high-nickel chromium alloy. 

• Department of Xtctallurnical Enspneering, Rensselaer Polytechnic Institute, Troy, N. Y. Consulting 
Engineer, Dnvcr-Unms Company, Ham^on, X J 

^ J. C Henderpon, U S Patents l.IO0efiu2 (1916), 1.241.971 (1917), 1,270,519 (1918). 

* J H Dickenson, J Iron Sttd Inst , 106, 103-H0 (1922) 
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Table 1 OXIDATION OF Fe O' Fe AND Ni-Cr Fe ALLOYS IN AIR 


R&te o( MeUl I»ea, odd 


Temp. 


®C 

675 

S75 

10'*o 

IlOO 


“F 

l'’o0 

160o 

IS^ 

‘>010 


0.30 C 


X4 


2900 
34 000 
130000 
200 000 


Cr 0J:6 C 


ISO 

■’900 

51000 

lOQOOO 


<36 

400 

730 

2900 


Hatfield^ compared the action of oaygen carbon dioxide and steam in 2f-bou* 
coniinuoua te^ts on N i Cr Fe aUo\ « (Refer aLo to Tables 3 p 616 and 4 p 61S ) The 
rates for the high nickel alloys are g)\cn m Table 2 


Tables A^TIRAGE RATEa OF OXID4TIOV OF Nv-Cr Fe ALLOYS BY Oj 
AND COj 



j Weigtit tndd 



fiO0« C (M 0* Ft 1 

1 900»C (lOoO'F) 1 

1 1000' C (15-0* FI 



200-730 

•»3-4l 




OSIDATIOS OF CaSTTNOS IN AlR 

An important inveNtigatioa was recentlT earned out at Baltelle Memonal Institute^ 
m a 'enea of reports u. ued to the Alloy Casting Institute A eumtnarj of the more 
important conclu-iona Js pubh.bcd here through the courtesj of the AJJoj Casting 
Institute 

Machined specimens 0 9a3 cm (05"o jn ) diameter b> 254 cm (1 00 in ) long were 
degreased and exposed at temperature lo 'peciaUj constructed metal boats la-erted 
m an clcctncalh heated mulBe furnace Ordmary air waa passed through the furnace 
at the rate of 200 ml per min after being ■=aluraled with water \ apor at 32* C (90 F) 
After 100 hours exionire 'pecimens were dci-caled electrolj tically as cathode in a 
molten salt bath NaOH 40%. Na COj) at a current density of 400 amp per 

sq ft for a penod of 4 min then watcr-qucnched and lla^h-d pped in concentrated 
BCl eaturated with As O 3 as an inhibitor After being wa-hed in distilled •walcT the 
specimens were reweighed In addit 00 lo the major comUtuents the alloys contained 
040% carbon 12% «]licon and 05% mancane-C 

Figure I 'bows the eSect oi cbiomram on the oxidation rate of Ct Fo and Cr Fe-Ni 
alloys In Fig 2 3 and 4 are placed 8 ranety of metal loss data on the ternary 
diagram for iron nickel and chromium In the e and succeeding figures HH corre- 
spond. to an alloy of nickel and 2o'1> chromium HT corresponds to an alloy of 
36% mckel and 16% chromium and HR to an alloy of C0% nickel and 12% 
chromium 

It 13 significant that the chromium for optium corro'ion rfsistance is rclatiielj low 
fo- the high mckel alloy' being in the range of 12% to 16% eien at the maximum 

* TT IL Ilitfirfd / Irvn SUrl /wt 115 4« -05 (19^) _ 

* J T Co«- A S BraFuaas. O E. Ilu4er Special Peporu lo AUcFy C»#Uni Itaumie D» « 

Menional laa tu t Colunit>us Ohio. also Pne. iS T-M 46 1'’9 (1946) 
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Fia. 1. Tiio Effect of Chromium at Various Xickcl Levels on Air Oxidation of 
Cast Eorrous Alloys. (Courtesj- of Alloy Castim; Institute.) 
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high-temperatvre corrosion 



Mot'xl Lo's by Oxiilntion m Air at 870® C (1000* F) (Courtesy of AJtoy Casting Instltul 
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Corrosion is expressed in Ipy. (lOO-hour tests.) 
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Metal Loss by Oxidation m Air at 1095’ C (2000“ F) ((Dourtcsy of AUo> Castine InsUtute ) 
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temperature studied. As the nickel content decreases, the amount of cliromium must 
be increased for maximum corrosion resistance. 

Temperature plays an important part in determining the ofTectivenes.s with which 
a given amount of nickel or chromium is capable of imparting oxidation resistance 
to these alloys. The efTectivcness of increased amounts of nickel is enhanced as the 
temperature is increased from 870° to 1100° C (1000° to 2000° F), especially for alloys 
with chromium contents below 20% 

The extent of the con'osion loss in air for alloys of various compositions is sum- 
marized in the nomographic charts (Figs. 5, 6, and 7) at temperatures of 870°, 980°, 
and 1095° C (1600°, 1800°, and 2000° F) respectively. The corrosion loss for any alloy 
can be read from the chart by drawing suitable lines through points of corresponding 
composition. 

Sulfur Dioxide 

Hatfield!' determined the gain in weight of various Ni-Cr-Fe alloys exposed 24 
hours to sulfur dioxide. The results obtained for the high-nickel alloys are given in 
Table 3. (Refer also to Table 6, p. 649.) 


Table 3. OXIDATION OF Ni-Cr-Fo ALLOYS BY SO 2 



Weight Gain, mdd 


1 

800° C (1470° F) 

900° C (1050° F) 

1000° C (1830° F) 


35 Ni 

41 

42 

790 

■aai 

CO Ni 

500 

5500 

9100 


Chromium is the essential element in building up resistance to pure sulfur dio.\ide 
or sulfur dio.xide in air mixtures. The best behavior is afforded by a 30% chromium 
alloy to which nickel may be added up to 35%. In exce.ss of this amount, nickel 
decreases the resistance to sulfur attack. The high-nickel chromium alloj’s with 20% 
chromium or less offer little resistance and are rapidly deteriorated. 

Hydrogen Sulfide 

In test re.Milts of Scholl® various alloys were exposed to the action of hydrogen 
sulfide for 28 M: hours at 480° C (900° F). Results for the high-nickel alloys are given 
in Table 4. (See also Tables 8 and 9, p. 651.) 

Table 4. REACTION OF Ni-Cr-Fo ALLOYS WITH H-S AT 480° C (900° F) 

Alloy Weight Gain, mdd 

14.7 Cr 35 Ni 2400 

13.8 02 2900 

18 75 5800 

In this atmosphere, high-nickel chromium alloys are rapidly attacked. The action 
is much more damaging than under oxidizing conditions. 

‘ \V. U. H-itficRI, J. Iron Sttel Jml., 115, 4a3-50S 11927). 

® Quoted by H. J. French, Tram. liUctrochrm. Soe., 60, 47-Sl (102G). 
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Tio. G. XomoRrapliic Chart Illustratinj; the RoHtionship between Nickel-Chromium 
Content of Ferrous Casting", and ^Ur Corrosion. (Courtesy of Alloy C.asting Institute ) 

FLUE-G.A.S Atmospheres Contain'ixg Sgefur 
Tests of cast Xi-Cr-Fo alloys in pases containing .sulfur wore conducted at Battelle 
Memorial Institute' in similar manner to those on oxidation discu=.sed above. Gas of 

’ J T Go», A S Bra'unn, and O E Harder. Special ReporU to Alloj Casting Institute t"ec aNo. 
Pror -t S r M , 46, I.’O (lOK.) 
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controlled composition was pas'ed o\er the specimens at a rate of 100 ml per mm 
TiTiical anal^ es of the gases are pre-enled m Table S 
The influence of alloj composition on the corro ion rate in mches penetration pei 
>ear la gi^en m Figs S and 9 for an oxidizing flue-gas atmosphere, and in Figs 10 and 



Fia 7 Nomographic Chart IIIustrstiDg the Relationship between Nickel Chromiuia 
Content of Ferrous Castings and Air Corrosioo (Courtesy of Alloy Casting Institute ) 


11 for reducing fiuo-gas atmorhercs A nomographic chart ginng corrosion rales at 
9S0* C (ISOO* F) m a reducing atmosphere containing 100 grains (C^ gran«) of 
sulfur per 100 cu ft is gi\ en in Fig 12 


HIGH-NICKEL CHROMIUM-(IRON) ALLOYS 


693 


Table 5. TYPICAL FLUE-GAS ATMOSPHERES 


Intake Sulfur 
Grains/lOO cu ft 

Intake Composition 

Exhaust Composition 

CO2 




11:0 


CO: 

O: 

CO 



N: 

Rcducino Flue Gas 







M 




■i 


5 

7.2 

5.5 

4.7 

1.0 

... 

bal. 


0 

3.2 

2.1 


bah 

100 

8.4 

3 3 

5.1 

8.2 

... 

bal. 

IB 

0 

3.5 

1.9 

7.1 

bal 

OTidtztnff Flue Gas 













5 

13.7 

S 1 

0 

10.4 

. . . 

bal. 

10. 1 

3.4 

0 

0 ■ 

10.4 

bal. 

100 

1G.4 

G.8 

0 

7.1 

... 

bnl. 

18.3 

4.0 

0 

0 

7.1 

bal. 


980 ‘C (1800 "F) OXIDIZING FLUE GAS 


CONTAINING 5 GRAINS (0.32 GRAM) OF SULFUR PER 100 CU FT 



PER CENT NICKEL 

Fig. S. Influence of Alloy Content on E.xtcnt of Corrosion in Flue Gas at 1800° F ns Indi- 
cated by IOO-Hout Teats. (Courtesy of Alloy Casting Institute.) 

The following conclusions were drawn by the authors^ as a result of this 
investigation. 

1. Under oxidizing conditions with sulfur as SO 2 , corrosion is analogous to that 
encountered in oxidation by air. Additions of nickel in the range studied (above 
20%) increase corrosion resistance of alloys markedly at the 11 and 16% 
chromium levels. The influence Ls less noticeable at 21% chromium, and it di.s- 
appenrs at 26%, 31%, and 36% chromium. 

2. Under oxidizing conditions variations in sulfur content from 5 grains to 100 
grains per 100 cu ft resulted in no increased amount o'f corrosion. 

3. Under reducing conditions the sulfur content of the corrosive atmosphere is more 
important. With 11% chromium the high-sulfur gas (100 grains sulfur per 100 cu 
ft) results in corra^ion rates varying from 1 to 30 timc.s that noted in a low 
sulfur gas. At 16% chromium the variations of corrosion rate with .mlfur content 
are less noticeable, while with 21% chromium there arc no noticeable effects. 

4. In reducing flue gases containing sub-tantial amount.'; of sulfur, chromium is 
rnuch more efToctive than nickel in reducing the corrosion rate of alloys. At 20% 
nickel, the optimum chromium content appeans to be approximately 20% 
chromium, wherc.xs at 70% nickel the optimum chromium would be 10%. 
Speaking generally, when nickel is high, chromium should be relatively low, 
and when nickel is low chromium should be increased for optimum corrosion 
resistance. 

In general, the Ni-Cr-Fe compositions for maximum corro'ion rc.'-i.=tance at 1100° C 
(2000° F) in air and oxidizing flue-g.as atmospheres appear to be confined to thase 
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compositions of intermediate chromium content (12 to 20% chromium) and high- 
nickcl content (more than 50% nickel) appro^matmg the t>pe composition 
(00% \i-lo%Cr) Howe%cr, under reducing fiue-gas conditions Tfhen sulfur is present 
as HjS the compositions for maximum corrosion resistance shift towards allojs of 
higher chromium and lower nickel contents* 



Flo 9 Influence of Allo} Content on Extent of CorroMon id Flue Gas at ISOO* F 
cated b> 100<Hour Testa (Courtesy of Alloy Casting Institute ) 



Fio 10 Influence of \llo^ Content on Extent of Corronon in Flue Gas at ISOO* T ns Indi 
cated bj 100-lIour Te«ls fCourtcs> of Alloy Costing Institute ) 

ELECTRICAI. HEATING ALLOYS 
The Xickel-Chrouilm Allots 

Xickcl at high temperatures can nirj as much as 40% of chromium in solid folu* 
tion The «olubilit> decreases with temperature but the true solubiliO, althoueh 
subject to much imcstigation, is still indeterminate bj reason of the slowness m 

• ItecommenHed lieiitme ser^ce temperstoiw tot tbe SO'c'^'i 13% Cr-ts 5*^ Fe sUoy (Ineootll lo 
both luUur tree and sulfur slmoepbrrra are a»eii mT^hleS p>ce CSO. 
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980 'C {1800 T) REDUCING FLUE GAS 
CONTAINING 100 GRAINS {6.5 GRAMS) OF SULFUR PER 100 CU FT 
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Fig. 11. Influenco of Alloy Content on Extent of Corrosion in Flue Gns nt 1800° F as Indi- 
cated by 100-Hour Tests. (Courtesy of Alloy Casting Institute.) 


reaching eqiiilibriurn. In practice, alloys with 
more than 25% chromium after long use at 
elevated temperatures become helerogene- 
ou.s with precipitation of a solid solution 
containing 80 to 90% chromium. Alloys of 
25% chromium with manganese and silicon 
have a still more restricted solubility. This 
concentration in general marks the limit of 
chromium additions to the Ni-Cr alloys as 
electrical resistors because of the mechanical 
difficulty in working alloys beyond this 
range. 

In actual practice the 80% Ni-20% Cr 
alloy is the best of the commercial oxidation- 
resistant alloys. The original patent on its 
use for an electrical resistor was issued to 
Marsh® in 1905. 

In Fig. 13, Matsunaga^’ gives the increa.se 
in weight of various Ni-Cr wires oxidized at 
various temperatures. 

Carbon, Manganese, and Silicon Addi- 
tions. The 80-20 Ni-Cr alloys, .as produced 
industrially, contain carbon, manganese, and 
.silicon, either intentionally added or .as im- 
purities arising from the raw matcri.als of 
their manufacture. Carbon has, in general, 
a damaging eflcct on the life of the alloy. 
The chromium carbides which are thereby 
formed lower the chromium content of the 

' A. I, Marsh. U. S. Patent S11,S,W (March, 1!>05). 

* Y. Matsun.aga, Japan XtcKd Hct., 1, 317 (1933). 
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Fig. 12. Nomographic Chart E.xpres'-ing 
Corrosion Rato of Ni-Cr-Fc Allo.vs (1.2% 
Si. 0.8% Mn, 0.-15% C) at 980° C (1800° F) 
in a Reducing Flue-Gas Atmosphere Con- 
taining 100 Grains (G.,"; grams) of .Sulfur 
per 100 CU ft. (Courtesy of .Alloy Casting 
Institute.) 
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''Olid solution and act m tins Tvaj togotber ynl'a olW iactors to reduce liigVtemper. • 
ature o\idition re Ltanco 

Manganese flight] j lowers the high temperature resistance of Ni Cr alIo>s, the 
first tenths of ha\mg the greatcat effect With additions in excels of the 
effect 13 , bowe\er still «mall 




temperature, *0 


Urc 13 Oxidation Hatca of h«icke( and Cr Ni fio 14 Effect of Silicon on the 
A^^oys at ^ anousTemperatmes late ot Ct-Nv AUoys QUorioka) 


Silicon additions mcrca'e the high temperature resistance Horioha*® has deter- 
mined the life in hours of Ni Cr allots of xarying silicon content at xanous tem 
peratures (Fig 14) The maximum effect is obtained with 2 to 23% silicon Additions 
m excc-s of this amount probablj gisc rise to too high a silicon content in the scale 
This lowers the melting point and lhereb> the protective qualities of the oxide scale 
Aluminum additions improve the life but lower the workability of the matcrialtt 
In this connection, Smithells, Williams, and Gnmwood,*- found that 1% of silicon 
increased and 1% of manganese decreased the life of Ni Cr allojs whereas 05% of 
aluminum had no effect They found that 1% of aluminum had a damaging influence 
Iron as one of the important constituents occurs as a common addition to some of 
the pre«ent»da> industrial alIo>s Its effect on oxidation resistance has been implied 
jD previous discu^ion and is treated further befow 
The Effect of Some Other AVloJ’ Additions Minor additions of rcadilj oxidizablo 
metals exert an influence on the life of Ni Cr wires out of all proportion to the rmall 

'f IToniJkx Japan fftaM Rez , 1 292 (1033) 

** W HcuCDbrueh Zunder/ttU Lrpxeninetn p 85 Berlin IWO 

J SiaitbclU S VViUixsir tej E. Cnni»ood J Iiut itfla}/ 45 443 (}P3t) 
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amounts present. Small additions of calcium exert a large effect in increasing the life.^^ 
Additions of both zirconium and calcium have been found very useful.*-"’ 

A summary of the effect on life at elevated temperatures of a number of such 
addition.? to 80% Ni-20% Cr allo}' and 60% Ni-lS.5% Cr-bal. Fe alloj' is given in Figs. 
15 and 16. 

Calcium and zirconium additions in small amounts are widely used commercially 
in the United States. The use of cerium, prevalent abroad, has not been adopted hero. 
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Fig. 15. Effect of Various Alloy Additions on tiie Life of G0% Ni-lS.5% Cr-bal. Fo Alloy, 
0.4-mm Diam. Wires at 1050” C (1920° F). (Hesscnbruch.) 

Life index equals number of cycles for 2 min at temperature, 2 min off, until tnro fads. 

In seeking for an explanation of the improvement in life at high temperatures 
brought about by these minor additions, the author of this chapter has maintained 
that the improvement is due to the high degree of deoxidation which is produced by 
thoe additions. In a highly deoxidized alloy, grain boundaries arc less suscepliblc to 
precipitation of oxides and, in consequence, less vulnerable to attack at high tem- 
peratures. The fact that silicon, aluminum, zirconium, and calcium produce good 
effects in the order named would support this contention. The behavior of thorium 
and cerium in the matter of deoxidation is not at piesent known to the writer. 

Another theory has been given by He.sscnbruch.i'* The .small additions of elements 
which give the best re.sults have atomic volumes that are greater than the molecular 
volume of nickel oxide. It is suggested that this situation is ncce.ssarj’ to impede 
diffusion of metal ions outward through the oxide and thus retards the oxidation 
reaction. 

” Hunter, U. S. Patent 2,005,423 (June, 1933). J. M. Lohr, U. .s. Patents 2,ai7,917, 2,047,918 (Julr, 
1930), 2.019. CSG; 2,019.087 (November, 1935). 

" W. llessenbruch, Zunderfeste Legierungen, p. 117, Berlin, 1910. 
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Flo lU Effect of ^ arious Additions on the Life of S0% Ni 20^ Cr Alloy 0 4 mm 
Oum ires at lOoO* C (19‘’0* F) (Hewcnbruch) 

Fordefitti oooflfeiadei see Fig !;> 

Beh^mor op ^l Cr od Ni Cr Fe Allot Wibes iv Various Gases* 

Hessenbruch Horst and SchichteP*' heated wires electricall> and determined the 
life m hours to destruction m \arious almo«pherca Small spiral 0 WO cm (00157 in) 
m diameter were heated and cooled in 2 mm internal* until the entire section of the 
wire had «caled 

The compo itions of the allo>B studied arc gi\cn in Table 6 


Tasle 6 

COMPOSITION OF 

WIRE 

ALLOliS IN 

PERCENTAGES 


Ni 

Cr 

Fe 

Mn 


At 

C Mo 

-Cr alloy 

77 10 

19 SO 

0 6S 

1 50 

0 81 


0 O'* 

Jn i-Cr Fe alloy 

CO 4 

18 40 

IS 10 

2 so 

0 so 


0 02 

Is -Cr Fe alloy 

33 7 

19 so 

43 10 

1 97 

0 85 


0 02 

I«i-Cr*Fe-Mo alloy 49 So 

].> 03 

15 31 

I 90 

0 65 


0 02 7 1 

Cr A1 Fe aUoy 

0 20 

90 

C3 40 

0 60 

0 53 

5 30 

0 03 


Tlie “caling re«i«tance of the c allots was determined in (1) air, (2) carbon dioxide 
(3) nitrogen (2^ oxjgen) (4) cit> pas (53^4 H** 1 7% CO*’ 3S5% SO** 3059e CHi) 
(5) oxjgon ( 6 ) hjdrogcn (7) water gaa {49% H" 40£% CO*’ i% CO 3 ) The life 
in hours of the allojs in the xanous gases 13 gixen in Figure 17 
The deterioration of the wires with time was determined bj measuring increase m 
rc«i«tance during the te«t The e re iilta are plotted in Fig 2 p OCD 
The results indicate that the S0% Ni 20% Cr allo> constitutes an excellent heating 

• Life te»l data id for aome h gh lueLel allor www al vanoua teroperalurea are given in Fil • 
JliffK Trmi'mit'ur* Tti{» p 000 

“U Ileasenbruch E Iloral and TC Seh eLtel Ardiu EutnhCJImveten 11 2-’5-'»20 (1937) 
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wire material. Micrograpliic investigations showed that oxidation proceeded slowly 
along the grain boundaries. In water gas, caibunzation, with foimation of chiomium 
carbides, is extensne but in carbon monoxide oi carbon dioxide is slight. Nitrogen, 
ordinarily assumed to be inert, penetrates into the gram interior, foiming presumably 
chromium nitrides. 


•TESTS DISCONTINUED 

I- AIR; Z-COt\ 3-N2, 4-CITY GAS, S-Oz; G- Hz; 7- WATER GAS 



GAS Cr-Ni ALLOY WITH 
80% Ni - 20% Cr 
TESTING TEMP. 
1050'C (I920'F) 


Cr-Ni-Fe ALLOY WITH 
60% NI, 18 5% Cr, Fe 
TESTING TEMP 
I050°C tl920°F) 



35% Np, 20% Cr, Fe 
TESTING TEMP 
lOSCC (I920“F> 


30% Cr, 5%Al, Fo 
TESTING TEMP. 
I200“C (2I95*F) 


Fig. 17. Scaling Resistance of Electrical Heating Wire Alloys When Annealed in Different 
Gases. (He^senbruch, Horst, and Scliiclitcl ) 


Fe-Ni-Cr alloys give lesults similar to those of the Ni-Cr alloys, but increasing 
contents of iron lower the scaling lesistancc in oxidizing atmospheres (air or ox-j'gen) 
to a marked degiee. The life of the iion-containing alloys in carbon dioxide or nitiogen 
is slightly longer than m an In contiast to the Ni-Cr alloys, the difleience between 
life in hydrogen and in water gas is quite maiked, Althougli the useful life in water 
g.as is many times that in an, the absoiption of caibon is so considerable that over- 
heating and failuie occur the moie readily with increasing iion content. When heated 
in nitrogen, incieascd amounts of nitiide appear with incieasing non oi decreasing 
nickel content 

With the Ni-Ci alloys containing molybdenum, heated in a caibonaceous atmos- 
phere of nitiogen, the interior of the giam is practicallj- fiee of nitrides or carbides 
while the gram boundaries are surrounded by continuous bands of these compounds. 


CYCLIC OXID.ATION AND REDUCTION 

The Ni-Cr and Ni-Cr-Fe alloys arc subject to embrittlement when exTiosed to 
liigh-temperature alteinate reducing and oxidizing atmospheies. This is discussed on 
p. CS2. 


NOBLE METALS AND THEIR ALLOYS 
E. M. AVise* 

OXIDATION (AIR AND OXYGEN) 

Gold ant) Gold Allots 

Pure gold, Au-Ac. and the high Au-Pt, and Au-Pd alloys do not oxidize on heating 
in air, but some, particularly tho-e containing hrge amounts of silver or palladium, 

* Deiclopmcnt and Research Dimsioii, The International XicLel Co , Inc , Neiv York, N. Y. 
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ma> cLssoh e enough gen to be damaged bj subsequent heating m reducing atmos- 
pheres containing h>drogen The latter heat treatment opens up the gram boundaries 
and may produce minute blisters 

In general the carat jewelrj golds contain sufBcient copper or other ba«e metal 
to be rati er susceptible to oxidation on heating m air The rate of tamLhing on 
heating m air and oxj gen has been determined ^ Many of the dental alloj s aho are 
slightlj oxidized on heating but some are essentially free from ba«e metals and hence 
are not attacked Sulfur m high temperature ga«es beha\cs like oxjgcn but 13 more 
actne Sulfur has caused much trouble where dental gold allots are heated m contact 
with plaster of Pans fhjdrated CaSOi) plus a little carbon 
Oxidation results in surface darkening and deeper seated oxidation comprising a 
disper«ion of cuprous oxide or oxides of other elements in the metal which may 
extend to an appreciable depth The "nirface darkening can be remoi ed bj pickling 
but the deep-«eated oxidation generallj known as Fire does not respond to the 
Uaual picklmg process It ma 3 be remoxed by dissohmg an appreciable amount of 
the alloi as for example u mg an aqua rogia type pickle or by stripping as anode 
m a cjanide bath or it maj be reduced bj heating at about 700* C (1300® F) for 
some tune m hjdrogen Howexer it is best to prexent oxidation either through the 
use of a thorough!> protectixe coating of bone acid or borax plus ocher or better 
still through the u.o of reducing atmospheres in the annealing process Anotler 
dexicc Useful particularly m soldering is to permit some mcth>l borate to vapor zo 
and be earned along by the incoming gas stream which results m deposition of a 
xerj thin protectixe him of bone acid where the blowpipe hamc impinges on the 
work” Data on the rate of oxidation of a 5%CuAu alloy as reported by 
Kubaschew ki* are own in Fig 1 

PliATIfrCTM A^D PLATIXCrXI AlLOYS 

Platmum remains bright on heating m air but platinum particularlj in the form 
of sponge oxidizes «lowly when heated in oxjgen oxer a narrow range of temperature 
The monoxide is produced bj heating platinum black m oxjgen withm the range of 
510® to 660® C (950® to lOoO’D* Aboxe this temperature the oxide decompo'cs 
The stabilitj of platinum boxvexcr is «u<*h that small wirca maintain a xery constant 
resistance as la required in res "tance thermometers minute fuaes and tl e like 
The rate of xolatilization of platmum is greater in the presence of oxjgen^ 0 than 
m vacuo whereas in a stnctlj inert gas xolatihzation might be expected to be not 
more than one fiftieth of the rate in vacuo The data of Jones Langmuir and 
Mackay’ on the rate of evaporation of platinum in xacuo are plotted in Fig 2 m 
addition to data from Kideal and ansbrough-Joneo^ on the rate of loss m oxjgcn 
at low pressure which are «lightl> abov e the loss in x acuo The latter data apparent!} 
were reported on a temperature «!Cale u ed m the earlier experiments of Langmuir 
and haxe been adjusted to agree with the rex ued scale used b} Jones Langmuir anl 

Itkub &nd M Engel V ortrass der IlauptveraainmluBS Zlrul Cti tfetallkynde 83 89 (1038) 
•Dev Bcd by author 192o unpublihedrwearch. Sea also N B Pill ngandTE K hlcren J Am W<ll na 
Soe 8 (No 4) 20-'’3 (1920) 

* 0 Kubaschewati Z EUXtroehrm 49 448^84 (IMS) 

Eptiraun Inorennie Chem Ury p 46'» Obrer Sod Boyd Edinburgh Scotland 1943 

* L. Ilolbom and I- W Auat n PA 1 Sfao T 383 (19W) 

•jut Bobert* PAfl \fag S9 ”70 (1913) 

^11 Jonea I Langmuir and G Mackay Phy Rrt SO **01 214 (lO"*?) 

•l K n deal and O 11 Wanabrough-Jocea JVoe PoylSoc (A) 133 20^(19'^) 
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Mackaj*. Oxidation by ionized gases was studied by Giinthcrschulze and Betz.*’ In all 
these cases it appears that PtOa is involved. At 1200° C (2195° F) in oxygen under 

-F 

1000 2000 3000 



Fig. 1. Oxidation of Platinum and Gold Alloy.' at Vaiious Teni])ctaturc' (AccordiiiK to 
Kubaschew^ki). Heated -1 Hours in Air. 

pre.'sures corresponding to several atmospheres pressure, it is possible that a liigher 
oxide may be found.^o 

The weight loss of platinum in air at 13G0° C (21S0° F) from a series of expasure.s 

° A. Gunthcrfchulze and 11. Bctr, Z. EUJ trocf.cn., «, 2o3-2o5 (103S). 

A. Schneider and U. Pseh, Z. EUKtrochrn., 49 , 55-.9G (1943). 
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Fig 2 Weight Loss of Platinum and **ome Platinum <Ulo>8 Heated in Air, 
Inert Gas. and Vacuum 

Joora Lanemuir. and McKay 

X Itideal and ttaasbrougb^Jones 
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totalling 7 hoursi’^ and points at 1000“ and 1200“ C (1830° and 2195° F) from 4-liour 
tcsts^-'^-* arc also shown in Fig. 2. The latter e.xporiments (on crucibles) indicated that 
the loss would drop to zero at about 900“ C (1650° F) and that a slight gain in weight 
might be expected at lower temperatures, probably due to oxygen picked up by a 


“F 

2000 


2500 



Fio. 3. Effect of Moving and Still Air on Weight Lo-s.-) of Platinum at Various Temperatures. 

(Carter and Lincoln.) 

trace of iron or other oxidizable impurities. Iridium substantially increased the weight 
loss at high temperatures, and rhodium decreased it. 

Data by Carter and Lincoln'-' on the weight io.ss of platinum and certain platinum 
allo 3 -s are shown in Fig. 3. These rasults are based on 21-hour te.sfs of usually 
duplicate thin 1 bj- 2 in. samples heated in an clectricallj- heated tube furnace. Great 

" O. Kubajcliensti, Z. Elel.trochcm., 49 , 440— tS-l (1013). 

" G. K. Burgess and H. G. Wnltenbcrp, Bureau of Standards Sctrnli/ie Paper 2S0 (191C). 

" G. K. Burge-ss and P. D. Sale, Bureau of Standards Seicniific Paper 25-1 (1015). 

"Unpublished research by Carter and Lincoln of Baker and Co., Newark, N. J,; communicated by 
r. E. Carter, 
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care was u ed to a\oid sublimation of impuntics onto the platinum, a high alumina 
refractorj tube being emploj ed, and the samples were ngoroual> acid washed and 
reduced m hydrogen after heating to a\oid an> spunous weight gains from 
traces of iron or silica The latter sources of error arc not alwajs giien sufficient 
con'ideration 

In still air, with the furnace tube cJo«ed at one end, the weight loas was minute — 
onl> about 05 mdd for platinum at 1200* C (2195* D and 1360* C (2450* F) — 
but when the furnace was inclined 15* and open at both ends so that a slow 'tream of 
air mo%ed through the tube bj comection, o\er the range of 1000“ to 1300“ C 
(1830° to 2370° F) the lo cs increa«ed tenfold Jo twcntjfold 
For the 10^6 Ir-Pt and 5% Ru-Pt allojs (the»e compositions were selected to be 
of appro-nmatelj equal hardness), the loa^oa at 1200° C (2195° F) arc almost identical 
and the \alue3 for the pair of samples differ «:o little that the> were not separately 
plotted Is either of the e aIloj*s would be used for long exposure m air at =o high 
a temperature because Rh Pt or pure platinum 13 more suitable 
It is CMdent that in platinum equipment operating for long penodo abo\e 1000* C 
(1830° F), it is desirable to reduce the circulation of air to a minimum This is safer 
than 'harply reducing the oxjgcn content of the atmo pbere, as limited otjgen is 
likel 3 to lead to reduction of the refractorj and thereby damage the platinum In 
20% Rb-Pt alloj electric tubular furnace^ operating up to 1500* C (2700° D, it has 
been found desirable to place the winding in grooic» m the alumina supporting tube 
and to smear alumina cement oicr the opening of the grooies The wire is free to 
moic within the do ed grooie, but no circulation of air is possible I\ith this con 
struction the life is long and most of the sublimed platinum can be reemered from 
the surrounding refractory In furnaces where the change in electrical rc^Ltance of a 
platiQum winding is u«ed for temoerature control, it maj be worth while to paint 
the grooie lightlj with platinum black to minimize the initial loss of platinum from 
the winding 

Ruba^^cbewskits measured the change in weight of 5 and 10% Ni Pt and 5 and 10% 
Cu-Pt alloj s as well as the corresponding gold allojs on heating m air Results for 
the 5% allojrs heated in air for 4 hours at \arious temperatures are shown in Fig 1 
The gain in weight due to oxidation of the alloj ed base metal, is non linear with 
time «o that no singular oxidation rale can be assigned 
The Rh Pt allojs de«erie comment in \iew of their exten®ne use at high tem- 
peratures Such alIoj9 containing up to 15% rhodium it is reported tc do not oxidize 
xisiblj on heating m air at any temperature At 800° C (1475° F) in air, allojs 
containing up to 2% rhodium do not oxidize, and neither do alloj a with Jea than 
10% rhodium at 900* C (1650° F) However, in oxjgcn at 900“ C (IC50“ F) the 10% 
rhodium alloy oxidizes visibly The rates of oxidation are verj Ion, as 13 attested bj 
the long and succe* ful u«e of the 10% Rh Pt and occasionally the 13% Rh Pt thermo- 
couple 01 er a wide range of tcmpcraturcb On the whole, the Rh Pt alloy s, copccnllj 
■with 10% Thodmm are the mo t gcnerallj useful platinum alloy s for high temperature 
service The 10% Rh-Pt alloy is m general uc as gauze for the catalytic oxidation 
of ammonia at 900“ to 950’ C (1650* lo 1750* F).” for certain type? of feeder dies 
for molten g!ass,^8 and also for small electric furnace windings, with the 20% Rh Pt 
alloy abo a.ed for the latter application where maximum temperatures arc required 
** O Kubaaetewski Z EUhlrochtyn 49 446-4S4 (1943) 

l< EzpenmeaU of F Zii»merm»nn pnvut* coromiuucation /rom F E Carler Baker snd Co , htwvk 
V J 

”S r,.lIaB<UorthandJ V TOlri Ini.Eng Chtm. tS 1287-1292 (1934) 

>• n K lUchardaon U S Patrnt 2 190,296 (Frbniarjr IJMO) 
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In the case of gauze catah'st, the loss of material is due not to any usual type of 
corrosion but probably to a progressive change in the contour of the surface and 
ultimatelj' to the mechanical removal of minute particles of the metal, some of which 
can be recovered. The rate of loss is so low that 1,000,000 lb of nitric acid can be 
secured from one troy ounce of Rh-Pt with the old atmospheric pressure plants, but 
the loss of catalj'st is several times this in modern pressure plants. 

Palladium 

Palladium oxidizes on heating in air over the range of 350° to about 790° C (660° 
to 1450° F). At temperatures above 790° C (660° F), the oxide decomposes,^® 
resulting in bright metal. Some data on oxidation on heating, and also by anodic 
treatment, have been published.®® 

Palladium is capable of taking some oxj'gen into solid solution at high temperatures. 
If palladium containing dissolved oxygen is subsequently heated in hydrogen, the 
hydrogen diffuses into the metal rapidlj' and reacts to form steam.®i The steam does 
not diffuse appreciably, so that its formation produces a disruptive effect at the 
grain boundaries and maj’ also cause small blisters. Silver behaves similarlj', whereas 
platinum is only slightly affected. Alternately oxidizing and reducing atmospheres 
should be avoided in processing the metal. 

Iridium 

Iridium oxidizes slowly on heating in air over a considerable range of temperatures, 
but the oxide is rather volatile. Slight oxidation becomes apparent on heating in air 
w’ithin the range of 600° to 1000° C (1100° to 1850° F). Above the latter temperature 
the metal remains bright, but the formation and volatilization of an oxide occur, 
which results in high losses. Values of the order of 3500 mdd®® have been reported 
for iridium heated in air at 1210° C (2210° F). 

Rhodium 

Rhodium oxidizes slowly on heating in air to about 600° C (1100° F). Finely divided 
rhodium appears to oxidize most rapidly at about 800° C (1475° F). The oxide, which 
is slightlj' volatile, decomposes at about 1000° C (1830° F) when heated in air. Above 
this temperature the metal remains bright; nevertheless it appears that oxj’gen 
increases the rate of volatilization in the high-temperature region. In Crookes’ 
experiments the weight loss of rhodium was the lowest of the platinum metals 
examined.®® 

Osmium 

Osmium is easib’ oxidized. The tefroxide has a boiling point of only 130° C (265° F) 
and is very toxic. The production of this oxide affords a convenient method for 
separating osmium from other metals. The metal itself has a verj- low vapor pressure 
and high melting point, but in melting alloys containing much osmium precautions 

” L. Wohler, Z. EltUrochtm., 11, S39 (1903). 

G. Tammann and J. Schneider, Z. anorg. Chim., 171, 307-371 (192S). 

R. F. Vines andE. M. Wise, unpublished research. Research Laboratory, Tlio International Nictel Co. 
New York, N. Y. 

~ Private communication, F. E. Carter, Baker and Co., Newark, N. J. 

“ W. Crookes, Ptoc. Rogal Soc. (A), 86, -SOI (1912). 
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must be taken to keep 030^ out of the ejes and noses of the workers Osmium allo 5 ’s 
are not suitable for u®e at high temperatures in ctidizing atmospheres 

Ruthevttjm 

Ruthenium resembles indium in high temperature behaiior Ru02 is not icrj 
volatile a \apor pressure of 40 mm of Hg at 960“ C (1760“ F) haiing been reported 
The higher oxide RuOi, can be produced and has a vapor pressure of 183 mm at 
1005“ C (213 4“ F) This compound, like the similar Oamiurn compound, is useful 
m analjtical work for separating ruthenium from other metals Ruthemum oxidizes 
slowly on heating in air abo\ e about 450* C (640* D 

Some care is required to av oid loas of ruthenium on initial melting of alloj-s, but 
the Usual 5 to 105(jRu-Pt alloys and 5% Ru-Pd alloys respond to the roguhr 
manufacturing proce ses without special attention However, neither the 10% 
ruthenium nor the 10% indium alloys are desirable for exposure to high temperature 
oxidizing atmospheres the rhodium alloy being preferable for this type of service 
where pure platinum may not be adequate 

EFFECT OF REDUCING ATMOSPHERES AND REDUCIBLE OXIDES 

In addition to the effects of alternate oxidation and reduction mentioned under 
palladium other factors are to be considered where a choice of atmospheres is 
possible Platinum and high platinum alloys generally perform bc«t under oxidizing 
conditions because there is then the least possibility of contammation with the ba«c 
metal impurities m particular iron <ilicon lead phosphorus and mangasc'C 
When platinum or platinum^alloy crucibles are heated under reducing conditions as 
in a stTongly leducing flame some damage results from the carbon content of the 
gas but hydrogen is aho present which diffuse^ through the crucible and tends to 
reduce a portion of tlie charge If any baleful elements are present m the charge, 
they will alloy with the inside surface of the crucible, greatly to its detriment In the 
case of thermocouples, protection tubes have been developed which elTectivelj 
exclude reducing gases and prevent contammatton of the thermocouple which other- 
wi®e would occur In certain types of experimental work, where fused silica sheaths 
must be used with thermocouples, great care should be taken to av oid the presence 
of reducing material within the ehealh and to check the thermocouple from time to 
time to be «ure that contamination from reduced silicon has not occurred 

It has been ob erv ed that an iron oxide such as magnetite when heated in contact 
with platinum, will yield some iron which alloys with the platinum, and the oxygen 
liberated increases the state of oxidation of the remainder of the charge 24 This same 
general phenomenon applies to «ome of the other reducible oxides and must be 
av oided 

It must not be concluded that strong oxidation is desirable under all circumstances 
for, m the presence of molten salts and alkahes in particular, oxidation sharply 
increases the corrosion rate as vnll be di cused in a later section (p 716), and, as 
previously noted, increases the volatilization loss in ga'cs 

SULFUR-CROUP COMPOUNDS 

Although gold sulfides exist, ffoJd is not attacked by hot sulfidizing gases Selenium 
probably does not attack it either, but tellurium vapor docs 

*4 PfiYste comicumc^tioo F E. Carter DakeruutCo Newark V J 
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Plalimtm, often used in contact ■with a mixture of sulfur dioxide, air, and sulfur 
trioxide at about 400° to 450° C (750° to S50° F) as the catalj’st in sulfuric acid 
manufacture, survives this exposure for years with only minute loss. 

Although much over 0.02% sulfur alloyed with platinum reduces its high- 
temperature ductility, sulfur dioxide docs not appear to damage platinum.-®'-® One 
hour exposure at 800 C (1475° F) caused no weight change, and a similar exposure 
at 1000° C (1830° F) produced a loss of but 0.0013 grara/sq dm.-® The platinum 
remained bright and ductile after these treatments. Heating in hydrogen sulfide over 
the range of 400° to 1000° C (750° to 1830° F) liberated sulfur and produced a slight 
blue film on the platinum, which may be protective. Twelve hours exposure to hydro- 
gen sulfide at 1000° C (1830° F) caused a weight gain of 0.024 gram/sq dm^®.^® but 
no loss in ductility. Calculations-”.2S indicate that PtS should not form on platinum 
exposed to hydrogen sulfide above 900° C (1650° F). Similar calculations for platinum 
in contact with gaseous sulfur indicate that PtS should not form above 1270° C 
(2320° F). Runs of 1 hour each at 1100° C (2010° F) in sulfur vapor, followed by 
metallographic examination, showed a gray corrosion product film of the order of 
0.1 mil thickness on pure platinum, with perhaps a slightly thicker film on 0.4% 
Ir-Pt, 3.5% Rh-Pt, and 5% Au-Pt alloys.-® No intergranular penetration was observed 
with anj’' of these materials, but 10% Rh-Pt is intcrgranularly attacked under similar 
circumstances.-® Possibly this behavior of 10% Rh-Pt is responsible for the reputed 
bad effect of sulfur compounds on platinum thermocouples. 

Palladium in sulfur dioxide exposed for one liour at 800° C (1475° F) underwent a 
weight gain of 1.3 mg/sq dm and formed a purple-blue film.2® Exposures for one 
hour at 1000° C (1830° F) produced a weight gain of 5.1 mg/sq dm, and the specimen 
appeared lightly etched and was coated with a purple film, but the metal was not 
embrittled. Some of this weight gain may have been duo to oxidation on cooling. 
In contrast to the above, heating in hj'drogcn sulfide at temperatures above 600° C 
(1110° F) caused rapid attack through the formation of a sulfide eutectic melting at 
approximately 600° C (1110° F). 


SULFURIC ACID 

The behavior of gold and platinum toward hot sulfuric acid was at one time of 
great importance, as these metals were used for evaporating pans in concentrating 
this acid. Data on the behavior of gold and the platinum melahs in sulfuric acid at 
240° C (401° F) and 300° C (572° F) are presented in Table 1.-® Iridium shows no 
loss and gold veo" little loss. The potent effect of adding a reducing agent like sulfur 
is evident by the reduction in corrosion rate for platinum at 300° C (572° F) to 3% 
of the weight loss for concentrated pure sulfuric acid and by the reduction in rate 
of attack on gold to zero in 7 hours exposure. 

Osmium showed about one half the corrosion rate of platinum in .sulfuric acid at 
300° C (572° F), whereas palladium showed about twice, and rhodium over ten times 
the rate of platinum. The addition of sulfur to sulfuric acid increased the attack on 
both rhodium and palladium.-® 


E. M. Wise and J. T. Enfh, Tram. Am. Inst. Mining Met. Engrs., 128, 2S2 (1038). 

•' E. M. IVisc and R. F. Vines, unpublialicd data. Research Laboratorj', The International Nickel Co., 
New York, N. Y. 

IV. BilU and R. Jura, Z. anorg. Chem.. 190, IGl (1930), 
bulletin 400, U, S. Bureau of Mines. 

R. Atkinson, A. Raper. and A. Middleton, unpubli«hcd research, Mond Nickel Co., Acton, Ixindon 
England. 
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The effect of oxidation on the behavior of sulfuric acid toward platinum at 400° C 
(750° F) is reported in Table 2,30 wherein the rates of corrosion under reduced 

Table 2. CORROSION OF PLATINUM IN SULFURIC ACID AT 400° C (750° F) 

Cone, of Acid j 

in WciKht, mdd 

Commci 

rci/ll Pf 

04 %, vacuum | 

24.0 

94%, 0.. 

2970.0 

Pure Pi 

94%, vacuum ! 

14.4 

94%, Oa 

M4.S 

04% +2% SOj. vacuum 

048.0 

08.C%, vacuum 

182.4 

96.75%, vacuum 

33.0 


pressure are compared with those prevailing with oxygen or SO 3 present. With pure 
platinum the corrosion rate in 94% sulfuric acid under reduced pressure was 14 mdd, 
as compared to about 550 and 650 mdd with oxygen or SOa added. 

AVith changes in production processes, corrosion under the.se conditions has become 
less important. Nevertheless, the results are instructive and indicate the means for 
sharply reducing the corrosion of gold or platinum under very severe conditions. In 
addition to sulfur, it is known that carbon, SO 2 , and ammonium sulfate reduce the 
rate of attack. 


HYDROGEN 

Hydrogen has little effect on pure ffold at elevated temperatures, although {/old 
alloys containing large percentages of metals capable of dissolving hydrogen are 
mildly affected. Gold alloi's containing oxygen are more seriously affected, as 
discussed on p. 699. Gold and platinum group metals heated in hydrogen while also in 
contact with reducible oxides of elements which alloj' with the noble metals will be 
damaged. This is well recognized in the case of platinum, but is frequently overlooked 
in the case of gold alloys, particularly during melting. Silicon is often picked up, which 
makes some gold alloys “hot short.” 

The direct effect of hydrogen on platinum group elements is most apparent in 
palladium, as hydrogen has a verj' high solubility in this element and diffuses through 
it so rapidlj' that practical diffu.‘-ors c.an be made for .supplying extremely pure hydro- 
gen. These operate preferably at about 450° C (850° F), at which temperature 300 
cu ft/sq ft/day of hydrogen at N.T.P. will diffuse through a septum 0.0016 in. (0.04 
mm) thick with a difference of one atmosphere in the partial pressure of lydrogon 
on the two sides of the .=eptum.’^ Since absorption of hydrogen by palladium results 
in a volume change .suflicient to roughen the surface, it is desirable to avoid cyclic 
changes in the hydrogen content of diffusor elements to prevent progressive changes 
in shape. 

The effect of hydrogen on the other platinum group metals has not been of much 
concern, except from the standpoint of the analy.st, who should be aware of a slight 
increase in weight which results from cooling assay .samples in hydrogen. To avoid 

• The rate attained in practice is sensitive to the eurfare condition of the palladium. (Private communi- 
cation from E. F, Ro^enblntt, Baker and Co., Inc.) 

I- Quennc5?cn, Covipt. rend, .-lead. Sci. (Parw), 142, 1311 (lOOG). 
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this error, carbon mono3ade is often employed for reducing finely diiided material 
prior to weighing 



Flo -1 Corrosion Rate of Cold in Dr> Chlorine ^ elocitj 1 3 ft/niin 
(Brown Delong and Auld ) 


CHLORIVE (AND OTIIER HALOGENS 
Chlonne attacks gold eien at room temperatures and the attack ts rigorous at 
200“ G (390* F) The >apor pressure of AusCle reaches a maximum at 270* C 
(520* F) Aboie 4S0®C {S95* F) the lower \alcnec compound AujClj becomes 
important and exerta a partial pit^N-iire of about Z5 mm of Hg at the melting point of 
gold If chlonne t? bubbled through molten impure gold «uch as that resulting from 
the cjanide procc' siher and the base metals are rapidly converted to chloriles 
and can be recovered Bj sloppmg the process at the right point, it is posible to 
secure gold 9!?7 fine with v cr) little Joas 


” n B»lt« W Fiifhrr »od n Juia Z «>u>rf Clem ITS X2t-H2 (I92S) 
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Quantitative data on the corrosion of gold in flowing chlorine at various temper- 
atures ha\e recently been determined bj M H Brovn cl al^- In tliese tests of 
2-hour duration the chlorine flowed at a \c!ocily of 1 3 ft/mm, measured at room 
temperature. After exposure the specimens were washed in vatcr and rubbed gently 
with a piece of rubber to remo\o an 3 ’ reaction film piior to weighing 

Thin but Msible films were apparent on samples exposed at temperatuics up to 
about 400° C (750° F). At higher temperatures no film vas apparent The film is 
probablj' AuoClo, which has quite a high xapoi prcasure, making it unlikely, therefore, 
that it offers much protection It will be noted from Fig 4 that the rate of coriosion 
increases shaiplj' with the temperatuie and reaches a maximum of about 01,000 mdd 
at 270° C (520° F). On increasing the tempeiature to 460° C (S60° F) the coriosion 
rate drops to about one hundredth of this \alue, but the late is still too high to render 
gold useful. A further increase in temperature again incre.ases the coriosion rate. This 
maximum corrosion at 270° C (520° F) toiresponds cxactlj’ to the maximum vapor 
pressure of AuoClo. At higher temperatures the lower valence compound AuoCle 
forms. 

Chlorine and the other halogens react with the platinum metals at elevated tem- 
peratures, but the reactions aie complicated experimentally bj' the appicciable 
dissociation and vapor pressures of the compounds formed The behavior of platinum 
compounds at high temperatures has been studied-^ti.s^ as well as the reaction of 
platinum with low-pressure (0 005-002 mm of Hg) chlorine, bromine,^® and 
iodine 

Platinum can be used freely in chlorine up to about 100° C (210° F). Above this 
tempeiature, and up to about 250° C (480° F), particularly where the gas may not be 
drj', the natuie of the service and the desiiabilitj' of using rhodium, indium, or Ru-Pt 
should be considered. For example, exposure of pure platinum to flowung chlorine at 
400° C (750° F) for one hour jiroduced a weight gam of 0 65 mg/sq dm, but the film, 
which appeared to be PtClg, was tenacious and was probably protective. On reducing 
and remov ing this film a net loss of 2 5 mg/sq dm occurred. The corrosion rate for 
longer exposures would be expected to be reduced somewhat by this film and probablj' 
would be much less than 60 mdd 

The behavior of platinum exposed to moving chlorine for 2 hours over a wide range 
of temperatures has recentlj' been examined bj- Brown el (Fig 5). Aftei exposuie, 
the specimens were vv .ashed and rubbed slightly to remove any film'; piior to weighing 
Slight films were observ ed on samples heated to temperatures up to about 600° C, 
but no films were observed at higher temperatures. 

It IS difficult to a'^ess the possible protective effect of chloride films but it seems 
likely that thej" will offer some protection up to temperatures of the order of 400° C 
(750° F), and that the corrosion rates for longer exposures at this temperature or 
below will tend to bo lower than those indie itod bv’ the short-time experiment.’ 
Samples exposed above 600° C (1110° F) showed no evidence of film’, and an 
independent determination bj" Atkinson 'O for one-houi exposuie at 700° C (1295° F) 

IT Brown. VV B Delong, and J R Auld. /nd Ena CArm , 39, S39-S44 (1047) 

“ L. Wohler and S Streicher, Brr , 46, 1577-15SC, 1591-1397 (1913) 

^ L Wohler and W*. Muller, Z. anora Chem , 149, 125-13S (1925) 

Nopareda, Anolrr soc espail fis gufm , 32, 2S9-344 (1934) 

C Nogareda, Anolea roc, espail fls qalm , 32, 5G7— 5S9 (1934) 

C XoRareda, Annies soe espah fis qulm , 32, 65S-C65 (1934) 

Van Praash and n K. Rideal, Proc Royal Soc (A), 134, 355-404 (1931 ) 

M H Brow n, W B Dclonc, and J R Auld, E I duPont de Nemoura Co , loc eit 
R n Athinaon, unpublished research. Research Laboralorj , The International Xicl el Co , New York, 
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showed a weight loss equu alent to 400 mdd, in agreement with the ob^cn ations of 
Brown et al 

The corrosion rate reaches a maximum at 570* C (1060® F) and then drops to about 
one fiftieth of this ^alue at 650® C undoubtedly due to change in the lapor 

pressure and nature of the plalmum chlondes formed 



Flo 5 Corrosion Rate ot rialinum in Dry Chlorine Velocity ft/rom 
(Brown Delong and Auld ) 

It will be observ ed that a slight hump occurs in the corrosion rate at about SCO’ G 
(680® F) but this corresponds to gpecimen weight losses m the order of a milligram 
and therefore la less accuratelj established than other features of the rate cun e 
In the experiments of Nogareda.^s 30 3T a platinum filament was clcctricallj heated 
in a halogen ga^ at low pressure contained in a glass flask maintained at 0® C (32* F) 
The change in pressure with time was followed by Langmuir's tcchni<iuc The 
dimensions of the flask and filament differed in the numerous experiments, and in 
gome cases unccrtaintj exists concerning the dimensions from which losses m ro'iu 
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are calculated. Dc.=pite this, it is believed that the derived values shown in Fig. C 
are at least approximately correct. 

With chlorine at 0.02 mm of Hg pressure, negligible attack was observed at 500° C 
(930° F), but within the range 600° to S50° C (1110° to 1560° F) the rate increased 
rapidly with the temperature. Within S50° to 1200° C (1560° to 2200° F) the rate was 
somewhat variable, and at times was below that at lower temperatures. From 1200° C 
(2200° F) to above 1300° C (2400° F) the rates increased sharply with the tem- 
perature as shown. In the case of bromine and iodine at the same pressure, no attack 
was observed in the 600° to 800° C (1110° to 1475° F) region, but attack did occur 
above 1200° C (2200° F) at rates of the same order as for chlorine. 



TEMP*C 


Fio. C. Rato of Reaction of Platinum with Halogen Gases as a Function of Temperature. 

(Calculated from data of Nogareda.) 

PtCli seems to be the primary product at 600° to 850° C (1110° to 1500° F), but 
PtClo is probably first formed in the 1200° to 1300° C (2200° to 2400° F) region and 
then changes to PtCli. In the c.ase of bromine, PtBro is first formed, but the final 
product condensed on the walls is a mixture of PtBr 2 and PtBrj. In the case of iodine, 
Ptio is the only product formed. 

Over the range of low pressure studied, the corro-ion rate in chlorine at 600° to 
850° C (1110° to 1500° F) varies with the square of the pressure, where.as in the 
1200° to 1300° C (2200° to 2400° F) range with chlorine and bromine, it varies essen- 
tially with the first power of the pressure. In the case of iodine, it is independent 
of the pressure according to isogareda. 

Although quantitative data on the behavior of Ir-Pt and Ru-Pt in halogens at 
high temperature are not available, it is probable that the corrosion rates in the 
r.ange up to 500° C (930° F) will be lower than for pure platinum. However, nickel 
behaves so well in rca.sonably diy chlorine in this region that generally it would be 
preferred below 500° C (930° F). 

Chlorine in Solution at Elevated Temperatures 

One of the difficult steps in the analysis of platinum metal alloys high in rhodium, 
ruthenium, or iridium is to get them into solution, for they are relatively unattacked 
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bj boiling aqua regia Sometimes the alloj is fused with lead and thk, alloy u 
attacked succes£i\el> b> mtne acid hot «ulfunc acid and aqua regia This treatment 
dissolves gold and most of the platinum palladium and rhodium, leaving an impure 
Ir Ru metalhc ph!L.e 

A £tud> was undertaken^! •*'’ concetmng the pocssibilitj of using sealed tubes con 
taming chlorine plus HCl at temperatures up to 300“ C (570“ F), associated with 
pres-ures as high aa 4000 p^i In this work, pure indium sheet was lued, as it was 
considered to be the most difficult to dis«olve Although high concentrations were 
explored, 369i HCl was adequate for moat purposes Ten to 20 ml of this acid per 
gram of sample la required and 0025 gram of chlorine per ml volume of the reaction 
tube This chlorine mas be mtroduced either as the element or by any chlorine 
producing oxidant 'Where no organic matter is present to cause an explosion and the 
reaction is to he conducted above 250“ C (4S0“F) perchloric acid is considered to 
be the mo t convenient oxidant If the sample is moatlj platinum indium or osmium, 
022 ml of 707o perchloric acid should be used per gram of sample correspondingly 
more if the cample contains metaU of lower atomic weight If the reaction is to be 
conducted at lower temperature (100* to 150“ C 1210“ to 300* F]) which js appro 
priate for Ir Pt alloys, sodium chlorate (037 gram per gram of high atomic weight 
'ample) or nitric acid «hould be uaed as the oxidizing agent For diasohmg 107e Ir Pt 
m the form of 01 to 05 mm chips a one gram sample will require 9 ml ol HCl 
and I ml of 70% nitnc acid The reactants are «ealed in a 'mall stemmed 15-nim bore 
heavy walled Pjrex tube, having a volume of about 20 ml Heating at 110* C (230* F) 
effects 'olution overnight The tubes are cooled in a mixture of dry ice and 1 to 1 
chloroform and carbon tetrachloride before openiog If osmium or ruthenium are 
present provision is made to ab'orb the ga«eou3 products 

The rate of attack on indium at 300* C (570* F) in 36% HCl containing 005 gram 
of chlorine per ml la of the order of 160000 mdd Ruthenium and alloys containing 
other platinum metaU are aLo rapidly dissolved under these circumstances 

HYDROGEV CHLORIDE 

The good behavnor of platinum in contact with gaseous HCl at elevated tempera 
tures 13 of considerable industrial importance In one 'enes of experiments^! 
compri'ing twenty five tests of 2 hours each over the range of 425“ to 1200* C (S00“ 
to 219o* F), specimens of platinum having a surface area of about 0066 ®q dm were 
expo'ed to HCl gas flowing at 40 cm/min The attack did not exceed 90 mdd in any 
case hence platinum is considered useful up to 1100“ C (2000* F) and probably to 
1200“ C (2200“ F) The weight losses of the specimens at 1105“ C (2130* F) IISO* C 
(2155* F), and 1200* C (219o* F) were 0 1 mg, 0 I mg and 0 0 mg corresponding to 
an av erage of 12 mdd 

In another senes of tc'ts^! 4o pure platinum and 10% Ir Pi samples approximately 
025 sq dm in area were expo ed to HCl at 510* C (1000* F) containing about 02o% 
HnO and moving at 10 cm/min The duration of the teats was 4 hours, and the wcigl t 
loss was le^s than 01 mg These rc«ults are confirmed by several years operation of 
indu trial platinum equipment exposed to HCl plus a little carbon at 700* to 750* C 
(1295* to 13S0*F) 

«E Wichers W Schlecht and C Cordoil J Renareh Jfall Uur Slarxdardt SS 363-391 (IWl) 3* 
457-470 (1044) 

*C-L. Gordon Itasaarth Paper 1521 J Reteortfc Bur Stanford* 80 107-111 (19431 

** Pn'ate comtnumeaiion E I duPontdaNemouraandCo Inc Wilmiturion Del (Coneultref 3* ’ 
D Knapp Report Reaearch LaboraKwjr Tie InUmat onal Isiekel Co Newyork V Y 
Z. Friend and B B Knapp Tran* Am Jittl Cktm, Enfr$ 89 731 753 (1943) 
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The presence of air or other oxidizing agents or iron salts may be expected to 
increase corrosion by HCl.'*^ Some indication of the behavior of mixtures containing 
a low partial pressure of chlorine can be obtained from the work of Nogareda,'’*’ 
previously cited. From that work it may be inferred that a low partial pressure of 
free bromine or free iodine would not be objectionable at temperatures not over 
1000° C (1850° F) or perhaps 1100° C (2000° F). 

The behavior of gold was also examined'*-'* in HCl flowing at 40 cm/min and gen- 
erally showed somewhat greater weight loss than did platinum under the same cir- 
cumstances. Above 930° C (1700° F) definite corrosion was apparent, and at 980° C 
(1795° F) the loss reached the value of 650 mdd in a 2-hour test. 

Below 540° C (1000° F)^-'* nickel is often adequate against HCl above the dew 
point, but in the higher-temperature range platinum should be considered with 
■palladium as an alternate possibility. At temperatures below 540° C (1000° F) 
platinum may be justified if the conditions are such that the dew point is reached. 

PHOSPHORIC ACID 

The behavior of phosphoric acid toward gold and platinum is of some technical 
importance. Tests reported in Table 1 show that the acid at 300° C (570° F) attacks 
osmium at a fair rate and rhodium slowly, but it has no effect upon the other metals 
within the peiiod of test (2*4 hours). 

CARBONACEOUS GASES 

Unstable hydrocarbons which crack in contact with hot platinum metals often 
damage the metals by a mechanism which is not completely understood. The end 
re-sult is frequently an intergranular precipitation of carbon extending some distance 
into the metal. Heating platinum crucibles over reducing, and particularly over 
smoky, flames is damaging for this reason, and also because the hydrogen picked up 
diffuses through the crucible and may reduce the contents (Si, P, Pb, etc.), which in 
turn causes damage. 

Carbon dioxide is fairlj' inert toward gold and jflntinum metals, but commercial 
carbon monoxide reacts in various ways. Palladium annealed in the latter is some- 
what hardened, whereas ruthenium reacts at 180° C (355° F) and 200 atmospheres, 
forming carbonyls.*' The remainder of the platinum metals apparentlj- docs not react 
in this way, but their halides tend to react, forming chlorocarbonyls.*" 

Recent investigation of the effect of various types of flames used in hard-soldering 
palladium jewelry at temperatures up to about 1400° C (2550° F) has shown that 
an oxy-acetylcne flame, operated slightly oxidizing, is bast. The use of this flame 
almost completely avoids surface and sulxsurface damage to the palladium. Damage 
will occur with ox>'-city gas flame or oxy-hydrogen flame, being greatest when 
reducing flames are used. Both oxy-city gas and oxy-hydrogen can, however, be used 
with platinum. 


GLASS 

The early work on platinum-lined feeder dies for special gla-ss-working machincrj' 
indicated that 10% Rh-Pt w.as superior to pure platinum, and therefore this alloy 

** C. XoRareda, .-tnntfj toe. etpat*,. fit. q^tim., 32, 2SG-3-J-I (193-1). 

*■ H. J. Emdeus tiiid J. S. Anderson. Modern Atpeett of Inoreanic Chemistry, pp. 390—131, D. Van 
Xostrand Co., New* York. 193S. 

H. K. Richariison. V. S. Patent 2,190,290 (Februao*» 1940). 
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was extensn elj used for this purpose and later for fiber glass-producing equipment 
Subsequent work led to the Uae of other high platinum alloya for fiber ghsa including 
one containing a email percentage of mckcl with or without about 1% of iridiiim<9 
These de\ elopments plus much attenbon to the composition of the glass and to the 
exclusion of materials detrimental to platinum, ha\ e led to negligible corrosion and 
\erj long life 

The life of glass feeder dies operating on a dark colored glass containing lanous 
metal oxides including lead is normally satisfactory Howei er, an> tramp metallic 
iron will reduce some of the lead, which promptly damages the platinum Arsenic and 
phosphorus under reducing conditions aLo are destructive, as thej form Ion melting 
phases with platinum 

In addition to the use of plabnum for xanous tjpes of noczlcs, a considerable 
amount is u ed m the form of large crucibles for handling special glasses It is al o 
used for the crucibles eraplojed for producing single crystals of various bromides and 
fluorides, of optical quality so This la«t u<e is perhap* the most searching test that 
can be made of resi tance to molten halides, as the product would be ruined by a 
minute amount of contamination 


Table 3 CORROSION OF GOLD AND THE PLATINUM GROUP METALS IV 
FUSED SALTE* 

One-Hour Exposure U t Lo«3 in mdd 



Temp * C 

Au 

Pt 

Ir 

Pd 

nh 

Tlu 

KES04 

no 

0 0 

72 0 

36 0 

432 0 

1 320 

jOu 

KCV 1 

700 

3000 0 1 

2SXIOO 0 

1800 0 

32 000 0 

llOOO 

ICSO 

NaCN 

700 

384 0 

7450 0 

4500 0 

14 200 0 

2j200 

3600 

lKCV-|"2NaC\ 

560 

480 0 

840 0 

2160 0 

6 ICO 0 

25 400 

2IC0 

KNOa 

3n0 

0 0 

0 0 

72 0 1 

00 

slight sVaiTi ' 

3G 

1200 

NaNOa 

NaOII reducing eondi 

3o0 

00 

0 0 

3 0 

0 0 
si ght stain 

120 

204 

non 

doO 

0 0 


3 8 

1 102 

1 180 

1 7W 

NajOa 

Ns CO] reducing con 

3o0 

2000 0 

0 0 

72 0 

360 

330 

33 600 

HCl moisl 

HCl + carbon 

020 

1 540 

7o0 

48 0 

72 0 

0 0 (4 hr) 

0 0 

-132 0 

103 

~4S 

-BIO 


* Jl Atkinson A Ilsper and A Middleton unpubl shed research Mond Nickel Co Acton London 
EnalancL 


MOLTEN SAL'ra 

Quanlilatn e data on corrosion rales in platinum crucibles containing molten salts 
involve numerous variables, including the composition of the crucible itself The lo^ 
on «imple ignition has been thoroughly studied and a limited amount of corrosion 
information on gold and the platinum mclaU in fused salts la prc^cnted m Tables 3 
and A 

Nowack and Spanner^^ present a long diacus. ion of the corrosion behavior of 

«M n VUensky U S Patents I8S MO (January IMO) 

D C Slockbarger Ret Set Initrumenl* 7 133 130(1030) 

“G K BurgpssandR G Waltenbcrg Rati Bureau of SUxndurdt Setenitfie Paper 2S0 (1910 

L. Nowack and J Spanner Rorrorton mrtaButRer nerlttoffe O Dsuer Fd tor VoL2 pp 782 785 
and SOO 827 V erlag Iliriel I^iprie 1 JJS 
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Table 4. PLATINUM CRUCIBLE FUSIONS (ONE-ELVLF HOUR)* 

little or . . appreciable attack Beyond termination of line*, 

no attack. but usable. corrosion rates arc cjccssive. 


300 400 500 COO 700 800 

NaOH 

NaOH (Covered Crucible) 

KOH 

Ba(OH)5 

NaNOj 

KNOs ... 

Ba(N03)2 

lNa0H+2NaN03 

2NnOII + NaNOj 

IKOH + 2ICNO3 

K:C03 

Na 2 C 03 

Na:CC)3 (covered) 

2 Na 2 C 03 + INaNOj 

lNa202 + 2NaOII 


NaCN 

2NnOH + INaCN 
KOH + KCN 

KOH + K 2 S 

KOH + KsS covered or re- 
ducing 

NaOH -t- Na 2 S 
Nn2S 

Alkaline polysulGdes 
K 2 SO 4 

Na 2 S 04 

Aikalino sulfates plus re- 
ducing agent 
KHSO 4 
KCi 
NaCl 


000 1000° C liemarks 

Very active above 
000° C (1110° F) 


Increases rapidly 
above 700° C (1300° F) 

Slight attack 800° C (1475° F) 
.Much more active 
than Na s.aUs 


boss 1.0 rag at 500° C 
(930° F). rapid at 
higher temp. 

Severe attack at 800° C 
I./>s.s 2-4 mg at 800° C 
Serious at 800° C (1476° F) 


Corrosive 

Corroded if reducing 
agents are present 
Not quite so sensitive 
to reducing agents 

Corrosive 
Useful for cleaning 


* G. Bauer, C/icm.-Zcilung, 62, 257-202 (1938). 

platinum metals and gold in which there is some information on molten s.alts. They 
report that the carbonates are not corro.=ive to platinum, even at fairly high tem- 
peratures. Covering the crucible reduces los.ses of metal and the introduction of carbon 
dioxide completel}' prevents attack at 900° C (1050° F). The fused alkali halides are 
not corrosive to either gold or platinum, but if mixed with oxidizing agents, such as 
nitrato.s or sulfates, corrasion occurs with all the noble metals. NaCl -b FeofSOj).-? 
yield.s S2O5CI,-,, which is a potent corra=ivc agent. The general de-structivenass of the 
cyanides is noteworthy, but using the sodium .°alt, and diluting with NaOH, greatly 
reduces the attack. Alkaline sidfidcs, p.articularlj’ foly sulfides, arc also active, but 
again the sodium salts are least corrosive, and dilution with NaOH is helpful. 
KeS -b KOH is corra=ivc in open crucibles above 500° C (930° F), but exclusion of 
air reduces the attack on platinum below approximately 800° C (1475° F). 
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With the causiic alkaltes, the pre«!ence of oxjgen accelerates attack The rate also 
vanes with the alkali, sodium hjdroxide being rather mild, potassium hjdroxide more 
activ e, whereas rubidium hj drovide is said to be most actn e Ba(OH )2 behav es much 
like KOH and is fairly destructive above 400* C (750* T) Covering the crucible or 
otherwise excluding oxj gen, helps to reduce attack, and reduction m temperature is 
even more beneficial 

The molten peroxides are v erj corrosive to gold and ruthenium at 350* C (6G0® F) 
and corrode platinum considerabl> at still higher temperatures The nitrates, in 
contract, are verj well tolerated at 350* C (660* F) and are not active toward 
platinum up to about 700* C (1300® D 

In platinum crucibles u'ed for ignitions, m contrast to those u«cd for fusions, a 
strongly oxidizing atmosphere vrithin the crucible and the exclusion, as far as 
possible, of carbon in the charge are desirable Some of the magnesium phosphates 
and also pota sium salts yielding pyrophosphales are particular^ likelj to cau'e 
damage on ignition, in some ca<es apparent!) even m the absence of a reducing agent 
The ashing of lecithin is particular!) likely to cause trouble 

The uae of electrical resistance furnaces operated with the door open for heating 
crucibles during ignitions undoubted!) increases Ibe life of crucibles, as the tem- 
perature can be controlled and kept within a safe range, and no pos ibilit) exi'ts 
for diffusing h) drogen through the walls of the crucible, as may happen m a reducing 
gas flame. 


SILVER 

Robert H Lwch* 

The increase in the u«e of silver for equipment m the chemical industries necessi- 
tates the consideration of its corrosion resistance at moderately elevated temperatures 
The strength of fine silver is low at high temperatures as compared with that of 
most metals and allo) s common!)’ used for their corrosion-resistant properties Con- 
«equent]) , instead of all silv er it is practical to use sih er linings, silv er-clad or silv cr 
plate, except in the ea-e of email equipment Care must be taken to provide a suffi- 
cient thickne<5a of silver as a coating to reduce the rate of ox)gcli diffusing through 
the ’’liver and attacking the base metal 

It 13 difficult to obtain «!pecific data on results in actual service but the following 
information briefiy reviews vxhat ma) be expected when silver is exposed to several 
well known corro-ive substances at elevated temperatures 

AIR AND OXYGEN 

Silver 13 not corroded in the u«ual acceptance of this term by ox)gen or air at 
elevated temperatures and normal pressures Heavy silver sheets heated in air for 
several hours at temperatures of 600® to 800* C (1110* to 1475* F) do not show anv 
appreciable attack or tarni«h High pressures ma) influence the attack b) ox>Pcn. 
for Le Chatclier^ reported that he produced a black oxide of silv cr at 300* C (570* F) 
and 15 atmospheres pressure t 

There is general agreement that ox)gen will diffuse through commerciallj pure 
silver (fincnc-s 0997-9S99) at elevated temperatures, the rate of diffu^’ion increasing 

• Ilmndy »nd IlarmaD. Dndgeport, Conn 

t The dis»ocjat)oa pressure of AcO is t stnioiiphere »t IM* C (363® F) rniroft. 

* U 1.0 ChBtelier, ’ On Oxidation of Silver," Z pApni Chem , 1. filG-SlS (18S7) 
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rapidly above 400° C (750° F). The effect of this diffusion is apparently detrimental 
only when the silver is subsequently heated in hydrogen. Martin and Parker- report 
that solid silver will dissolve enough oxygen at high temperatures to become embrit- 
tled if heated in hydrogen at 500° C (930° F) or above.* Chaston^ observed this 
same embrittling effect when 99.98% silver, which bad been annealed in air at 
temperatures from 300° to 800° C (570° to 1475° F) was afterwards heated in hydrogen 
at temperatures of 400° to 800° C (750° to 1475° F). Similar tests on silver containing 
less than 0.01% total impurities did not show the same embrittlement, and 
he advanced the theory that impurities in silver were the cause of h 3 'drogon 
embrittlement. 


CARBON MONOXIDE 

This gas shows no effect on silver annealed at elevated temperatures. However, M. 
Berthelot'* found that silver was attacked when heated to 300° C (570° F) in a sealed 
tube filled with carbon monoxide. Forstner”> also observed this effect and claimed that 
silver oxide was formed at 300° C (570° F). Information available is not conclusive, 
and, if any contemplated use of silver involves exposure to carbon monoxide at 
elevated temperatures and pressures for long periods of time, further tests should 
be made. 


OTHER GASES 

Steam 

Silver annealed in an atmosphere of superheated steam at temperatures of 600° 
to 700° C (1100° to 1300° F) docs not show anj' attack. 

Gases Cootaiotng Sulfur 

Silver is attacked by gases containing sulfur with accelerated attack at elevated 
temperatures. 

Ammonia 

Ammonia gas at high temperatures reacts with silver, probablj' resulting in nitrides 
and decomposition of the gas. 

, Sulfur Dioxide 

At red heat silver is attacked b}' this gas, the effect increasing with temperature. 
Htorogen and Nitrogen 

Hj-drogen docs not react with silver, but diffuses slowlj’ through the metal at 
elevated temperatures, reacting with any oxygen which ma.y be present and producing 
embrittlement and surface bli.cters. (See “Air and O.xj’gen.”) 

; Thin eflcct parallels that observed in copper contninina oxyaen. (See p. C29.) 

“ D. Martin and E. Parker, Trans. Am. Jnil. Mining Mtt. Engrs., Institute of Metals Division, 1B2, 209 
(19-13). 

’ J. C. Chaston, “Some Effects of Oxygen in Silver and Silver Alloys", J. Jnst. Metals (London), 71, 23 
(1913). 

* M. Bcrthelot, “Carbon Dixoidc and Silver," Compt. rent!., 131, 1 107-1 1C9 (1900). 

* H. M. Forstner. “Silver Coatings and Their Application for .Apparatus of Chemical Factories," Ober 
AachenleeJ,., 12, 91-91, 109, 119, 137, 117 (1933). 
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Silrer 13 inert to nitrogen at elevated temperatures and no embnttlemcnt has 
been observed 

Htdrogen Chloride \kd Chlomve 

To u_e «il\er in contact with gaseous HCl or CI 2 the temperature «hould be below 
425' C (800' F) (See Table 6 p 6S2 ) 

MOLTES SALTS 

Chlorides 

Molten chlorides attack eiher The effect is more noticeable at the surface of the 
liquid salt where there 13 contact with air 

PoTASSlTTH A^D SODIUM HYDROXIDE 

The fu.ed caiLtic« ha\e onij aerj slight effect on siher The corrosion is more 
pronounced at the junction of the molten salt with air Tests made by holding molten 
sodium hj dro'ude in a «ih er crucible at 500* C (030' F) for 312 hours showed a lets 
of 10 mdd® The resistance to corrosion suflicientlj high to warrant u e of Fil>cr 
crucibles for fu iooa of alkalies in laboratory work Silier or siher lined \ easels are 
used in chemical plants where these «alts are handled at ele\sted temperatures 

Sodium Cuibonate 

Siher re«iats corro ion of fused «odium carbonate but at temperatures aboie 
500 *C (930* F) some corro ne effect was noted^ 

Sulfides 

Fused alkali sulfides attack silver rapidly 


TANTALUM 
C^LAEENCE W BU-KE* 

AIR 

Tantalum is not resistant to air at elev ated temperatures TV hen the metal 13 heated 
It becomes covered with a film of o^idc showing light interference colors A short 
exposure to a low red heat produces a black, color which on longer expo urc tlianges 
to white tantalum oxide Thc®e oxide filma can be ob erv ed before an increase in 
weight is detected See Table 1 for quantitative data showing the effect of temperature 
on the rate of oxidation 

HkDROGEN OYiGEN AND MTROGEN 

Table 2 gives data concerning the effect of hydrogen nitrogen oxygen and sir 

• Fkiutwl Xlet&Rurcieal Corp^rstjon. North Chicago IIL 

* TTtnfly and narmtn Laboratory 

^ L. Nowaek and J Spanner Corroe oo €>f Noble Xletab O Bauer O Krihnke and C Maarx 
K^rf9r{on meiafirreA/r Bd. II S Ilirtel Letps Z 1039 
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Table 1. HIGH-TEMPERATURE CORROSION OF TANTALUM IN AIR 

Size of Bpccimcn — approx. 40 e<j cm (6.2 sq in. ) of surface. 

Sheet — 0.1 mm (0.004 in.) thick. 

Duration of test — 20 hr. 


Temperature 

j Gain in Weight 

Color Change 

°C 

“F 



2G0 

500 

0.0 

0.0000 

None 

280 

53G 

0.4 

0.00013 

Very sliRhl 

300 

572 

0.7 

0.00024 

Very elight 

325 

617 

2.5 

0.00082 

Showing interference colors 

3.50 

062 

5.0 

0 0016 

Blue 

390 

734 

12.1 

0 0040 

Darker interference colors 

4.35 

815 

18.7 

0.0001 

Darker interference colors 

480 

896 

106.8 

0.035 

Very dark. White o.xido forming. Increase “ 1 % of tvt. of sample 


Table 2. EFFECT OF VARIOUS GASES ON TANTALUM AT ELEVATED 

TEMPERATURES 

Size of specimen — strips of sheet 0.1.3 X 0.3 X 127 mm (0.005 X 0,25 X 6 in.). 


Temperature 

Duration of 

n 

Gain in Wt., 

Gain in Wt., 

Room Temp. Elongation, 

' C 

op 

Teat, hr 

gram 

% 

% in 1 in. 


Jlyirottcn 


100 

'212 


0.0000 

0.000 

Original 

31.0 






(31) 


200 

424 


0.0000 

0.000 


33.0 

250 

482 


0.0000 

0.000 


32.8 

300 

572 


0.0000 

0.000 


32.8 

350 

002 


0.0012 

0.0073 


30.0 

'400 

752 

1 

0.0017 

0.011 


25.8 

400 

752 

2 

0.0024 

0.018 


. . » 

400 

752 

3 

0.0041 

0.031 


10.0 






Some embriltlcmcnt 

iVtfroacn 

300 

572 

5 

0.0000 

0.000 

(31) 

28.2 

400 

752 

1 

0.0008 

0.00,53 


22.0 

.ll> 

3.50 

GG2 

o 

0.0009 

0.013 

(33.2) 

27.1 

Oxuocn 

330 

j 002 

5 

O.OOOS 

0.011 

(33.2) 

20.0 


on tantalum at various temperatures. The elongation of the .specimens ha.s been used 
to give an approximate indication of the cfTcct of gas absorption on the ductility of 
the metal. 

STEAM 

Tantalum is not corroded or embrittled by steam up to at least 165 psi. However, 
the pll of any conden.^ate should not be over 8. 
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OTHER GASES 

All gases except the noble gases react ivifh tantalum at high temperatures The 
oxide, carbide, nitride, chlonde etc, will be formed, depending upon the gas m 
contact 

The action of chlorine is resisted below 150® C (300® F) and bromine below 175® C 
(350® F) 

Hjdrogen at high temperatures, and particularly if under pressure, maj cause 
embrittlement 

NHa at ele\aled temperatures and pressures pits the metal without embrittlement 
but with rapid loas in weight 

High TEMPEiuTunES Vacuum 

High temperature alone does not embnttle tantalum, as is the case with molyb- 
denum and «ome other metala Many substances, including some mctal», can be fused 
in tantalum in a lacuum without destruction of the metal Copper wets the surface 
but does not dissohc tantalum 


ZINC 

E A Anderson* 

The high temperature corrosion of zinc is of little practical intere«t emee the 
mechanical properties at elevated temperatures lai^cly prevent lU u^c under such 
condition! 

The invisible oxide dim formed on hot zinc surface^, «uch as those of ca«t slabs 
or hot-rolled strip has been studied * By u«iiig electron diffraction method*, zinc 
oxide dims ]e«s than OOOOOo cm (002 mil) thick were identified on cast slabs of 
special high grade zinc (cast m chromium-plated steel clo'ed mold Mold tempopa 
ture 130® C [265® F], metal temperature 475® C [885* F]) The h>or adjacent to 
the zinc and the outer lajcr were randomb oriented, but the centra! hjer of the 
film was highlj oriented 

Pilling and Bedworth- state that the formation of zinc oxide at 400® C (750’ F) 
follows a “traight line when the weight increase squared is plotted against time The 
slope of this line la 058 X 10 (grams/sq cm)2 hi— t Heavy coatings are milk} 
white in appearance The rates of formation at other temperatures do not seem to 
have been established 

The attack on zinc bj oxygen at elevated temperatures appears to take place at 
the surface onl}, there being no evidence of oxygen solution with subsurface effects 
(mtemal oxidation) 


NON-METALLIC MATERIALS 
Introduction 

As in applications to liquid or gaseous environments at ordinary temperature* the 
non-metals find important U'cs at elevated temperatures Their limited physical 
properties more than their chemical behavior restrict their application They some- 

•The Jersey Zinc Co (of PenniyhBnjm) P«lmerton Pa. 

‘ M L. Fuller unpublished data The New Jersey Zinc Company 
* V B PiUing and ft E. Dedworth J Jnrt VetaU 529 582 (1023) 
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times can be used in competition with metals but more often are applied in special 
situations involving extreme conditions of temperature or environment where metals 
are not suitable. 

The non-metals deteriorate in various ways but not by corrosion, according to the 
definition of corrosion accepted in this book. (See Glavarj’.) Strictly speaking, 
only metals corrode. The importance, however, of non-metals in liigh-temperature 
applications has warranted inclusion of the following chapters. 

High-temperature properties of glass and vitreous or fused silica are described 
beginning p. 354. 


Carbon and Graphite 

F. J. VosBuncH* 

Carbon and graphite are extremely u-seful materials whore a non-oxidizing atmo.s- 
phere can be provided, or where .'elective oxidation can be arranged so that the carbon 
will not be attacked. The strength of carbon is not affected by temperatures used 
commercially, and it is not subject to thermal shock. 

Carbon and graphite have been used successfully for commercial applications 
combining pressure and heat at temperatures in excess of 2000° C (3600° F). Carbon 
generally, and graphite less frequently, arc U'cd as the lining of practically all ferro- 
alloy furnaces, for furnaces producing elemental phosphorus and phosphoric acid, 
in furnaces producing magnesium by the carbothermic process, in many furnaces 
making calcium carbide, and in all aluminum pots. In these applications carbon resists 
attack by corrosive slags. 

In Europe carbon blocks arc generally used for lining blast furnaces in the hearth 
section and as far up as the mantel. The carbon is not attacked by slags of iron and 
consequent^' no salamander is formed. In almost all such furnace applications it is 
unnece.ssary to provide cooling for the carbon, although cooling may be required for 
other refractories used back of the carbon or to protect the furnace shell. 

Carbon and graphite may be used as bricks or bloclcs similar in size to the usual 
ceramics or preferably, in the case of carbon, in blocks weighing up to 7200 lb each. 
The graphite blocks may be easily shaped on any woodworking equipment, but carbon 
is fabricated using the sturdier metal-working machinas or by u.'ing diamond or 
abrasive saws. 

Both carbon and graphite, particularly the latter, are being u.sod more widely as 
molds for casting iron, steel, non-ferrous metals of all sorts, and the various types 
of metal carbides u.'ed in the metal-working indu.'try where re.-istance to corrosion, 
high temperatures, and thermal shock k particularly desirable. 

Carbon and graphite are especially suitable for many tj'pes of resistance heating, 
such as rods, tubes, ring', and disks, where resistance to chemical attack is added to 
desirable electric characteristics. 


Refractories 

J.AMES A. LEEt 

Of the various factors which determine the kind of refractory to u'e in a particular 
case, the most important are working temperature, rapidity and extent of temperature 


• tCfitional Carbon Co., Inc., New* York, X. Y. 

t Chmical and .Vclaljurtn’cot EntAnccrina, McGraw-IIUl Publishing Co., Inc., New York, X. Y. 
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change, strength requirements, and the chemical reactions to be encountered The 
last may be one of the moat fertile sources of refractorj’ failure in the pre«eDce of 
metallurgical slags, man} fuel ashes, and products such as metallic oxides, glasses 
and cement clinker, alkalies, and alkahne earth oxides ^’arlous furnace gases ha\ e a 
deleterious effect, such as carbon monoxide within a critical range of 420® to 470* C 
(788° to 878° F) on some kmda of bnck, and sulfur dioxide or steam on other* 
^Tiile the chemical compositiona of the umal commercial refractories classifj them 
m general groups — acid, ba«ic, and neutral — a sharp distinction cannot be made in 
all cases Silica bricks are decidedly acid and best suited to resist fluxes of an acidic 
character at high temperatures Magnesite bnck are strongly basic, and chrome, high- 
alumma, and fireela}* brick belong to the less preci-e neutral class Among the firccla^ 
bnck are tho-e ranging in silica content from 70% or slightlj higher to as low as SO^i 
The high-alumina brick compn e tho*e containing 50 to 80% alumina, or higher for 
some special bnck This is a wide range m the alumma-silica senes of refractories and 
it follows that there aLo are great differences m their chemical reactions with \anoas 
fluxes In a gnen class of refractones, chenucal anal}«is alone ma} not nece« anlj 
seme as good criteria of their chemical behavior or of their phvoical properties The 
proper critena are chemical analysis, mineral composition, character of the bond and 
the permeabihtj With all other factors the same, the pcrmeabilitv becomes of pnmc 
importance since it is a property which the manufacturer can control within limits 
Phjsical properties of various refractories are Itted in Table 1 
It IS the rule rather than the exception that several classes of refractor}' arc u*ed 
in the construction of a furnace because one t>pe of brick is better adapted than 
another to withstand the widely different conditions that prevail in various parts 
of some furnacea In order to be as'ured of the be«t rc'uJts from each kind of refrac- 
tor} used, it la necessar} to guard against reaction between them This can be done 
by the u®e of a separating course of brick or cement which has lea-t lendonc} to react 
with either of the adjacent Linda of brick, or by designing the construction m sucii 
manner that the reacting bncks are in contact with each other in the cooler or in 
protected portions of the furnace 


Other Metals 

Some high-temperature properties of melala and scmi-metals not included in thw 
Section are di*cuased ekewhere in the Handbook The page references are Bci} Ilium 
p 56, Boron, p STS, Chromium, p S25. Molibdemim, p 252, Rheatunt, p 3J4, 
Silicon, p 380, Titamum, p 329, Tungsten, p 330, Uranium, p 331 
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HIGH-TEMPERATURE RESISTANT MATERIALS 
G. F. Geiger* 

FOREWORD 

Corrosion resistance is onlj’’ one of the factors that must be taken into consideration 
when selecting an alloy for high-temperature service. The other factors are creep 
resistance, thermal expansion, thermal shock, and thermal stability. If a relatively 
short life is adequate, one of the lower cost alloj's may be used, but if a long life is 
required it may be more economical to use one of the more highly alloyed materials. 

The tables should be used only as a guide. More detailed information on the proper- 
ties of the alloys should be obtained from the references or from the produoei-s of 
the alloys before making a final selection. 

• Development and Research Diviaion, The International Nickel Co., Inc., New York, N. Y. 
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Table 1 CORROsION R\TES OF ALLOIS IX FURXVCE ATMOSPHERbS 
AIR 


A = annealed \ = normalized 

T — tempered HR =* hot rolled 

Q — quenched 


Temp 


Alloj (Bal Fe) 

Cast or 

Heat 

Notes 

•c ] F 

1 

1 Cr 1 Si 1 Ni 1 Mo 

rought 

n ent 

[ 1 -3 ) 


< 0 OOS ipy 


870 I GOO 

8 

15 


GO 


C 

1 


10 

IS 


3a 


C 

1 


21 

20 


10 


C 

1 


10 

2a 


12 


C 

1 


22 

29 


10 


C 

1 


20 

28 


15 


C 

1 

815 1500 

81 

9 

1 


1 

TF 

^T 2 


S'* 

9 

1 


05 

IF 

\T 2 


83 

7 

1 


1 

TF 

\T 2 


&1 

7 

1 


05 

TF 

ST 2 


85 

5 

1 a 


1 

TF 

A 2 


87 

o 

2 


05 

TF 

1 2 


05 

o(AlOS) 


05 

TF 

AT 2 


23 

18 


8 


TF 

Q 2 

C75 12o0 

80 

5 



1 

TT 

A 2 

640 1000 

90 

2 



05 

TF 

A 2 


91 

I 



05 

n 

A 2 


93 

I a 



05 

n 

A 2 


93 


6 


05 

IT 

A 2 


90 


C Mo Steel 


n 

1 " 


9 


1015 Steel 


n 

A 2 








T.vbll 1. — Continued 
AIR. 

A — annealed. A’ = normahVed. 

T = tenapered. HR = hot-rolled. 

Q = quenched 


Temp. 

No.» 

Alloy (B.al. Fc) 

Cast or 

Wroufcht 

— 

Kotes 
(See 
p. 732) 

°C 

°F 

Cr 



Mo 

0.005-0.15 ipy 

815 

1500 

89 

3 

1 


0.5 

ir 

A 

2 


“ 

91 

3 

CA10.5) 

0.5 

ir 

A 

2 

G75 

1250 

90 

2 

1 


0.5 

II' 

A 

2 

«( 

41 

91 

1 

1 


0.5 

ir 

A 

2 

II 

11 

92 

1.5 

1 


0.5 

ir 

A 

2 

II 

II 

93 


1.5 


0.5 

ir 

A 

2 

11 


9G 


C-Mo Steel 


ir 

A 

2 

11 


97 


1015 Steel 


ir 

A 

2 


0.15-0.50 ipy 


980 


98 

20 



C 


1 



^7 

5 

2. 

ft.5 

V.' 

A 

2 

815 

1500 

90 

2 

1 

0..5 

ir 

A 

2 

II 

II 

91 

1 

1 

05 

ir 

A 

2 

11 


92 

1 5 

1 

0.5 

ir 

A 

2 

11 


93 


1.5 

0.5 

ir 

A 

2 

11 


90 


C-Mo Steel 


ir 

A 

2 

11 

1 1 

97 


1015 Steel 


TI’ 

A 

2 


0.50-1.0 ipy 


1095 

WBM 

98 

20 



C 


1 

955 


81 

9 

1 

1 

II' 

A' 7’ 

2 

II 


82 

9 

1 

0.5 

ir 

NT 

2 

II 


83 

7 

1 

1 

IF 

i\T 

2 

11 


84 

7 

1 

0.5 

TI' 

A’T 

2 

II 


85 

5 

1.5 

1 

ir 

A 

2 

II 


SG 

5 

1 

1 

ir 

A 

2 

11 


88 

5 

1 

0.5 

ir 

A 

2 

41 

HH 

89 

3 

1 

0.5 

IF 

A 

2 

It 

HH 

90 

2 

1 

0.5 

IF 

A 

2 

1 1 

HH 

91 

1 

1 

0.5 

IF 

A 

2 

11 

BH 

94 

3 

(A1 0..5) 

0.5 

IF 

A 

2 


OXIDIZING, SDLFURODS 
(.j TO oO Grmns Sunrim/lOO cu it) 


0.010-0.025 ipy 


980 

1800 

8 

13 

15 

25 

GO 

20 

c 

c 


I 

1 

0.025-0.10 ipy 

9S0 

1800 

10 

15 

3.7 



1 



(100 Chains Scnmn/lOO co 

ft) 



0.010-0.025 ipy 

980 ' 

ISOO 

8 

15 

CO 

C 

... 

1 


*Numbers in this column refer to alloy compositions listed in Table 7, p. 7-10. 
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Table 1 -—^ontintud 


A = annealed A = normalized 

T = tempered HR = hot-rolled 

Q = quenched 




Alios (Bal Fe) 

Cast or 

Heat 

Notes 

•c 



Cr 1 Ni 

kNrought 

Treat- 

ment 

(See be- 
low) 



OXIDIZING, SULFUROHS—Continiud 


' 



(100 Gr«ns Sulrob/IOO ct i 

•t) 






JO 

15 33 

c 1 



9S0 1 


13 1 

25 20 

C 


1 










(5 TO 




<0 010 ip7 

9S0 1 

1800 

S 

15 GO 1 

1 

1 

1 

0 010-0 025 Ipy 

9S0 1 

1800 I 

13 1 


1 

1 

1 


9$0 1 

isoo 1 

10 1 

15 35 1 

1 

1 

1 

(100 Graivs ScLroR/100 cu n) 


9S0 1 

ISOO 1 

« 1 

IS CO j 

c 1 

1 

1 


gso 1 

ISOO 1 

13 1 

25 20 1 

° 1 

1 

1 

0 10-0 so ipr 

QSO 1 

ISOO 1 

10 1 

15 35 1 

° 1 

1 

1 


^Numbers m thi3 column refer to alloy compositions listed m Table 7. p 740 


Nok I Alloy Cashng Bull 4 (March 1945) These data ^ere obtained at Battelle Me* 
morial Institute Columbus Ohio for the Alloy Casting Institute For details of these tests 
consult Ihyh AwXel CJiromtum (7r«jn) AUoyt pp C&4 and C91 
Note g Digeet of Steels for High Temperature Service, 1939 The Timken Roller Beanag 
Co , Steel and Tube Duasion, Canton Ohio 

Oxidation tests si ere conducted m the laboratory using specimens from commercial heats 
The specimens ncre heated in air for 1000 hours at teraporatures rangioB from 540* to 955* C 
(1000° to 1750° F) After exposure, the scale xras removed by an electrolytic method The 
specimens ircre then rewcighed to determme the metal loss 

A’ofe S From data dei eloped m field testa b> The International Nickel Company 
Test bars 5 b> 1 bj alxmt K m (12 5 bj 2 5 by 0 6 cm) were accurately measured for 
thickness and then assembled b> welding into a rack in the form of a ladder The test epea- 
mens formed the rungs of the ladder 

The original thickne s of all specimcna was recorded before the test The racks were e* 
po«ed for 2000 hours in furnaces u«cd in the production of magnesium by the fcrro-snicon 

processor magnesia reduction After thelest the thickness of sound metal between the oxidized 

surfaces was measured on a micrometer microscope stage From this the rate of oxidation 
was calculated 
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Table 2. CORROSION RATES OF ALLOYS IN STEAM 


A = annealed. Tl'Q = watcr-quonclicd. 

D = drawn. HR = hot-rolled. 

OQ = oil-quenched. 


Temp. 

No.» 

Alloy 

Cast or 

Heat 

Note 

(See Note 
-1, p. -.3 0 

“C 

'F 

Cr 

Ni 

Wrought 

meat 


< .0001 ipy 


595 

1100 

10 

15 

35 


C 

A 

II 

II 

13 

25 

20 


C 

A 

II 

II 

19 

25 

12 


C 

A 

il 

11 

24 

18 

S 

Cb 2 

C 

A 

41 

11 

55 

12 

— 

C 0.32 

TI' 

OQD 

II 

II 

56 

12 

— 

CO.IO 

Ti^ 

A 

II 

II 

57 

12 



S 0.3 

IF 

A 


0.0001-0.001 ipy 



595 

1100 


• • 4 

99 -f, 

Low Ct 

c 

A 


II 

II 


4 * 

99-t-, 

High Ct 

c 

A 


II 



4 . 

66 

Cu 29, A1 3 

w 

A 


II 



. . 4 

63 

Cu 30, Si 4 

c 

A 


II 

il 

54 

12 


Mo 2 

w 

A 


II 

II 

59 

5 


Si 1.5, Mo 0.5 

w 

A 


II 

II 

GO 

5 


Ti 0.5, Mo 0.5 

IF 

A 


II 

II 

61 

5 


Mo 0.5 

IF 

A 


II 

11 

62 

2.5 


Si 0.8, Mo 0.5 

IF 

A 


II 

II 

63 

1.25 


Si 0.8, Mo 0.5 

TI’ 

A 


II 

li 

61 

1.25 


Si 1.5, Mo 0.5 

TF 

A 


II 

II 

05 

1 


V 0.18 

IF 

A 


il 

II 

07 

1.25 


A1 1. Mo 0.2 

• 



« 

II 

OS 


3 

Mo 0.4 

C 

A 



II 

69 

0.75 

1.25 

Mo 0.5 

c 

A 




70 

. 4 . 


Si 1.35, Mo, 0.5 

c 

A 




71 

4 4 4 


C 0.15, Mo 0.5 

c 

AH 




72 

4 4 


C0.1o;Mo0.5 

TF 

A 




75 

4 4 

Steel, 

C 0.18 

C 

A 




77 

4 

14 

Cu G 

C 

4 4 4 




7S 

O 

15 

Cu 0 

a 





79 

o 

20 


c 
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Table 2 CORROSION RATES OF ALLOYS IN STEAM — 


A = annealed TTQ = water-quenched 

D = drawn HR = hot-rolled 

OQ = oil-quenehed 


Temp j 

1 

No* 

Alloj 

Cast or 

Heat 

Note 

•c 1 

1 

Cr Ni 

Wrought 

ment 

(See Note 
4 below) 

0 01 ip7 

59o 

i 1100 

74 j 

Steel. C 0 10 

n' ' 





1 1 

Steel. C 0 35 

IT 1 

HR 




80 1 

35 C2 

C 



" 


4 

95 Mn 4 5 

w 

A 



* Numbere in thia column refer to aUo> compositions h-ted in Table 7 p 740 
t Subject to intergranular corrosion 

NoU 4 ‘‘High-Temperature Steam Corro««on Studies at Detroit " bj I A Rohrig, R M 
tan Durer, Jr and C H Fellows Detroit Edison Company, Detroit, Michigan in Tram 
Am Soe Meek. Engn 66 (No 4) 277-200 (Ma> 1944) 

Unstrca.>ed “peeimcna were etpo«cd to superheated steam under plantKiperating eontli- 
tions Tho rate of steam flon was 2 4 meters (8 ftl/sec in the 595* C (1100* F) •eetioa and 
1 8 meters (0 ft)/sec in the 510* C (OoO* F) section 
The specimen* 1 3 cm in ) in diameter b) 15 2 cm (6 in ) in length with ground finish, 
were aa«embled nine to a cage The cages were exposed in steam lines for periods ranging 
from 4000 to 16 000 hours The steam nas of high purity containing no carbon dioxide and 
less than 0 01 ppm of orj gen 

At the conclu«ion of the test periods the specimens were rcmoi ed from the cages for metal 
lographic examination, and hardness and weight lo»s determinations 
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Table 3. POTS FOR MOLTEN METALS ‘ 


Molten 

Metals- 

Temp. Range 

Pot Alloy 

1st Choice 

2nd Choice 

3rd Choice 


°C 

"F 

No.* 

Cr Ni 

No.* 

Cr Ni 

No.* 


Aluminum 

G90-775 

1275-1425 

74 

Steel 





Magnesium 

075-900 

1250-1050 

74 

Steel 


. . . 



Zinc 

450-4S0 

S50-900 

74 

Stc 1 





Type metal 

31O-3S0 

000-725 

74 

Steel 


. • 



Solder 

310-510 

000-950 

74 

Steel 





Lead 

590-900 

1100-1050 

S.9 

15 00 

10, 11 

15 35 

74 

Steel 


Numhorh iti this column refer to alloy compositions listed in Table 7, p. 740. 

* Only the low meltine point metals and alloys may be melted in metal pots. The governing 
factor is whether or not the pot material will alloy with the charge. Such an alloying action 
ha.s two unde.sirablo effects: it reduces the thickness of the pot and destroys the purity of the 
molten metal. 

- Compositions arc the pure metals or alloys as commonly used in commercial practice. 


Table 4. CARBURIZING AND NITRIDING CONTAINERS 







Container Alloj 



Atmosphere 


1st Choice 

2nd Choice 

3rd Choice 


"C 

0 F 

No.* 


No.* 

OQ 

No.* 

Cr Ni 

Carburixingf 

790-950 

1450-1750 

0 

S.9 


10, 11 

15 35 

13, 14, 15 


Nitriding} 

510-510 

950-1000 

0 

8.9 

i 

10, 11 

15 35 

13, 14, 15 



* Numlwr.s in this column refer to alloy compositions listed in Table 7, p. 740. 
t C:irbon monoxide, methane, ethane, propane, and butane. 

} NHj plus dissociation products. 
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Table 5 ALLOYS FOR 


Fused Salta 

Use 

"Cjamde” 

(NaCN + NaC!) 

Case-hardening steel 

"Carburuer ' 

(NaCN + NaCl -J- NajCOj plus actuators) 

Caso-hardenmg steel 

“Nitrtding ' 

(NaCN + KCN) 

Neutral ' 

(KCl + NajCOj + amall amount of NaCN) 
(NaCl 4* KCl + small amount of BaCU or NatCOi) 
(NaCL -f KCl + BaCl,) 

Ca‘=e-hardenmg steel 

Heat-trcatmg steel and son 
ferrous sUo>s 

‘ Tempering 

(Combinatioaa of NaNOi ENOt. and NaNOt)* 

Temperifig hardened steel 

"High-^peed preheat” 

(NaCl + KQ + BaCl,) 

Preheating high-speed steel 

"High speed” 

(DaClt With rectifiers) 

llardemng high-*pccd steel 

“High-*pced quench” 

(KCl + NaCN + Na,CO,) 

(KCl + NaCN -f NaiCO, + BaCO,) 

Quenclung high-epced steel 

“Aluminum beat treating” 

(NaNOj + KNOj with or without mtntc') 

Heat-treating aluminum 


• Numbers m this column refer to alloy compo^tiooa luted m Table 7, p 740 
‘ Salt pot life is dependent upon s number of factors Furnace conditions are verj impor- 
tant The pot should be heated uniformly, preferaWy by radiation and ne\er b> flame im- 
pingement Salt should ne^er be permitted to enter the combustion chamber lor the >apors 
dc^ eloped de troy the protective film on the alloj WTien etarting a cold furnace, ample time 
should be allowed for the preheat and melt-down periods to roimmizc the themml *treif« 
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FUSED SALT POTS* 


Temp. RanRo 

1st Choice 

2nd Choice 

3rd Choice 

°C 

°F 

No.* 

Cr Ni 

No.* 

-Cr 


No.* 

Cr Ni 

8-10-950 

1550-1750 

8.9 

15 00 

10,11 

15 

35 

74 

Steel 

840-950 

1550-1750 

8,9 

15 00 

10, 11 

15 

35 

74 

Steel 

480-590 

900-1100 : 

j 

74 

Steel 

... 

■ 


! 

... 

G50-S70 

1200-1000 

8,9 

15 00 

10, 11 

15 

35 

74 

Steel 

700-900 

1300-1050 

8,9 

15 00 

10, 11 

15 

35 

74 

Steel 

500-9SO 

1100-1800 

8,9 

15 00 

10,11 

15 

35 

74 

Steel 

150-590 

300-1100 

2 

. . .• 99.40* 

0 

14 

80 

74 

Steel 





8,9 

15 

CO 







10, 11 

15 

35 



500-980 

1100-1800 

8,9 

15 00 

10,11 

15 

35 

74 

Steel 

950-1290 

1750-2350 


Ceramic 

8,9 

15 

GO 

17,19 

28 12 

510-700 

1 

1000-1300 

8,9 

15 00 

10, 11 

15 

35 

74 

Steel 

2.'50-590 

4.50-1100 

2 

. . 99.40* 

0 

14 

SO 

74 

Steel 





8.9 

15 

GO 




i-ct up in the pot and in event ovcrheatini; and oxidation. A lonRor sondee life may ho expected 
from a pot tliat is in rontinuous service than one subjected to frequent heatinR and coolinp 
cycles. 

* N'ickc! (99.-)0%) containers are of low-carixm nickel ("L” Nickel) or lotv-carbon nickel- 
clad steel, usually of welded construction. 
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OF ALLOYS IN’ TABLES 1-G 


Or 

N’i 

Fo 

Other Elements 

N’o. 


99-t- 

0.15 

0.10 Cu 

1 


99-40 

0.15 

0.10 Cu 

o 

« • . 

99.9 



3 


95.20 

0.15 

0.05 Cu 

4 

19-20 

77-70 

1 . 5 max. 

. . . 

5 

13.00 

79.50 

0.50 

0 20 Cu 

0 

13.00 

77.50 

0.50 

2.0 Cb 

7 

10-14 

59-02 

Bal. 


s 

M-lb 

57 iiUTi. 

Bal. 

. . . 

9 

13-17 

31-37 

Bal. 


10 

15-20 

35-:, 9 

Bal. 

. . • 

11 


30.37 

Bal. 


12 

23-20 

19-21 

Bal 


13 

24-20 

10-22 

Bal. 


14 

24-20 

19-21 

Bal. 


15 

24.00 

19.44 

Bal. 

2.43 Cb 

10 

2S.21 

10.10 

Bal. 


17 

27.30 

11.20 

Bal. 


IS 

23-2S 

10-14 

Bal. 

0.20 N max. 

19 

20-30 

i:j-io 

Bal. 

... 

20 

lS-23 

8-11 

Bal. 

... 

21 

27-30 

S-11 

Bal. 

... 

22 

lS-20 

8-10 

Bal. 

... 

23 

18 min. 

8 min. 

B.al. 

Cb = 10 X C, min. 

2-1 

20-29 

3 max. 

* • • 

... 

25 

23-28 

2. 5-5.0 

... 

1-2 Mo 

20 


00.00 

0.90 

29.0 Cu 

27 


03.00 

2.00 

30.0 Cu 

28 

. . . 

45 


55.0 Cu 

29 

. . . 

70 

30 


30 

37.5 


Bal. 

7.5 A1 

31 

23.0 


Bal. 

0 Al, 2 Co 

32 

10.0 

90 



33 


94 

0.5 

2 A1 

31 

. . . 



99.99 P- 

35 




10-20 Rh, Bal. Pt 

30 



. . . 

99.9 Cu 

37 



99-{- 

. . . 

38 




4 IV, Bal. Pt 

39 


Bal. 

... 


40 

3-4 

91 


0.4 Ba 

41 


90 


1.0 Zr 

42 

8-9 

. . , 

Bal. 


43 

19-23 

1-2 

B.al. 

... 

44 

20.. 5-22 

10..V12.0 

B.al. 

... 

45 

0.00 

1 25 

Bal. 


40 

23.25-21.25 

4. 5-5.0 

Bal. 

2. 5-3.0 Mo 

47 

21 

12 

Bal. 

. . . 

48 

1 1 

14 

Bal. 

1.75-3.0 V, 0.50 Mo 

49 

12 0-13 5 

7. 0-8. 5 

Bal. 

... 

50 
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Cr 

Ni 

Fo 

Other Elements 

No. 

13 

0.05 max. 

Bal. 

0.75 Mo, 3.0 Co 

51 

19-21 

Bal. 

1 ina\. 

. . . 

52 

27 

. . , 


4 IV, 05 Co 

53 

12.18 


Bal. 

2.0 Mo 

54 

I'i . 57 


Bal. 

. . . 

55 

12.33 


Bal. 

. . . 

50 

12.27 


Bal. 


57 

11.87 


Bal. 


58 

4.83 


Bal. 

0.51 Mo 

59 

5. IS 


Bal. 

0..5S Mo, 0.40 Ti 

GO 

4.9G 


Bal. 

0.52 Mo 

01 

2.o0 


Bal. 

0.50 Mo 

02 

1.21 


Bal. 

0.5i> ^lo 

03 

1.24 


Bal. 

0.58 Mo 

04 

0.91 


Bal. 

0.18 V 

G5‘ 

0.97 


Bal. 

0.55 Mo 

GO 

1.25 


Bal. 

0.20 Mo, 1.20 M 

07^ 


3.03 

Bal. 

0.49 Mo 

08 

0.73 

1.25 

Bal. 

0.59 Mo 

09 



Bal. 

O.50 Mo 

70 



Bal. 

0.-19 Mo 

71 



Bal. 

0.51 Mo 

72 



Bal. 

0.50 Mo 

73 



Bal. 


74» 

0.01 

0.05 

Bal. 

0.01 Mo, 0.04 Cu 

75* 

• • < 

. . . 

Bal. 

. . » 

7C* 

3.80 

13.29 

Bal. 

0.00 Cu 

77“ 

1.92 

15.52 

Bal. 

C.05 Cu 

78' 

2, 12 

20.07 

Bal. 

0.10 Cu 

79' 

3. 58 

35.58 

Bal. 

0.02 Cu 

SO’' 

8.00-10.0 


Bal. 

0.90-1.10 Mo 

81 

8.00-10.0 


Bal. 

0.4.5-0.05 Mo 

82 

G 00-8.00 


Bal. 

0.90 l.IOMo 

S3 

0.00-8.00 


Bal. 

0,45-0. 05 Mo 

8-1 

4.00-0.00 


B.il. 

0.90 1. 10 Mo 

85 

4.00-0.00 


Bal. 

0.90-1.10 Mo 

SO 

4.00 0.00 


Bal. 

0,45-3.05 Mo 

87 

4.00-0.00 


Bal. 

0.45-0.05 .Mo 

88 

2.75-3.25 


Bal. 

0.45-0.05 Mo 

89 

1.75-2.25 


Bal. 

0.45-0.05 Mo 

90 

0.75-1.25 


Bal. 

0.45-0.05 Mo 

91 

1.00-1.50 


B.al. 

0.45-0. G5 5Io 

92 



Bal, 

0.45-0.05 AIo 

93 

2.75-3.25 


Bal. 

0.4.5-0.05 Mo. 0.30-0.70 Al 

91 

4.00-0.00 


B.al, 

0.45-0.05 Mo, 0.30-0.70 Al 

95 



Bal. 

0.45-0,05 Mo 

90 



Bal. 

• • • 

97 

18-22 


B.al. 

• • • 

98 

27-30 

3-0 

B.al. 

. . . 

99 

3-4 

Bid. 

... 

2 Cb, 0.4 Ba 

100 


* S. A. E. 1035. ' Xi Resist Cabt Iron. ‘ Invar Ca.sl Iron. 
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CHEMICAL RESISTANT MATERIALS* 

FOREWORD 

In cvaluntinp the ability of a material to resist corrosion, consideration must always 
be gi\cn to the fact that the study of coiiosion is the study of material-fluid S3’stems. 
In the majoiitj’ of cn«05, the mafctial which is a component of one of thc-.e systems 
will be a commerciall.y puic metal oi an alloj', no one of which is completclj’ 
resistant to corrosion by all fluids. Many of these mateiials have been discussed in 
considerable detail in the preceding chapleis, and attention has been directed to the 
apparently extraneous factors that frequently affect the rates at which metals corrode. 

When selecting a mateiial or a combination of mateiials foi use in a paiticular 
s.vstcm it must be remcmbeied that the specifications for one of these .sj'stems must 
include not onh' the charaetciistics of the fluid and of tlic mateiial — the two essen- 
tial components — but also extraneous factois which maj' be present and maj’ 
influence corrosion. Since these other factois are peculiar to a paiticular sj'stcm, no 
two of which aie exactly alike and the total number of which is infinitely large, it is 
obviouslj' impracticable to offer a set of liaid and fast “coiTOsion iccommcndations" 
that cover all situations 

It is possible, bower er, to tabulate nianj' of the available corrosion data in such a 
form that bj' comparing the known behavior of certain tj'pe mateiials in a largo 
number of diflorent cn\ ironment.s, a ic.asonably good inodiction can bo made of the 
probable behavior of: (1) any one of the listed materials in a sxipposcdly identical 

* Prepared L G Vando Bogarl. Clmirnmn, Crane Co , CJiicnpo, 111 

C L Bridgeport Bra*"^ Co , DndRoport, Conn 

M 11 Brm\n, K. I du Pont do Xemoura and Co , Wilmincton, Del. 

G O liters. National I.ead Co., Brooklyn, X. Y. 

r. 1/ LaQue, The Intcrimtional Xickel Co , Xew York, X Y. 

II L Maxwell, B I dll Pont dc Nemours and Co , ^VJlmlnclon, Del. 

H B. Menrs, Ahiminuni Cornpiny of America, New Ken^inctnn, Pi 

IV I' Pntt, IVorthincton Pump and Mnchincr\ Corp , II irri«»nn, X. J 

G A Sand«<, Llectroniet lUurRic il Co , New York, X. Y*. 

In the preparation of (]u«» section, information was obtained from man> enurces AoknowledRment is 
e^'peri'dly due* 

Allegheny Budlum Steel Corp 
Anipeo Meta!, Inc. 

BurKe‘i«-Parr Co. 

Carbide and Carbon Chcmicala Corp 
Dow Chemic il Co. 

The Dunron Co , Inr 
rnn«tecl Metallurgical Corp. 

Gatoi DmpneennR Co. 

B V. Goodrich Co. 

Ha% CR Corp 
Havnes Stolblc Co. 

Moa^anto Chemjral Co 
National Ci’-bon Co , Inc 
Phillijw Petroleum C<> 

Hevere Copp/r A. Bm®'*, Inc 

V O. S ivith C<*rx» 
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en^^ronment (2) a «jmilar material — not li«ted — in one of the same environments 
or (3) one of the listed or related matenals m a somewhat different environment 
TIilj section consuts largelj of such tabulations In uoing the^e tables it «lould be 
remembered that thej are based on the behavior of matenal fluid sj'tems the exact 
specifications for which maj never agam be exactly reproduced m some other such 
Ejstem 

Evaluation of Corrosion Resistance 

The method of presenting these data was «elected on the basis of several consi lera 
tions In the first place it la not too difficult to differentiate between two materials 
that are corroded at a widely different rate bj the «ame fluid under approximately 
similar conditions It is difficult however to measure preciselj the difference^ m 
rates at which two or more matenaU corrode when these rates are of the same general 
order of magnitude This is particularly true when measurements are made in the 
field where conditions can not be controlled as well as m the laboratory In the 
second place the evaluation of corrceion resistance can be based on laboratory corro- 
sion te ts field corro ion te«ts or on actual performance m one or more pieces of 
equipment Data from any one of lbc«e three sources can be translated into units 
of penetration per unit of time but too often the data obtainable from actual per 
formance are not available in a form which permits the calculation of corrosion rates 
L«ually the records will show only the results obtained in length of tune of <atbfac 
tory «ervice It is ju^t 'uch data however which are the mo«t valuable and carry tie 
mo t weight with the builders and u«ers of chemical plant equipment Since per 
formance data usually cannot be translated into corrosion rates even though they 
may be supported by laboratory and field test data which can be so presented it 
was decided for the purpose of this «ection to define the three degrees of corro ion 
re«i«tancc mainly on the ba«i$ of known performance in the field The three ratings 
are defined a» follows 

Class A* Materials suitable for critical parts where very uttle dimen«ioaal change 
can be tolerated and who e behavior is not likely to bo altf red materially by turhu 
lence changes m oxidizing or reducing power or otht r incidental conditions of 
exposure 

Class B * MatenaL in common u':e for non-cntical parts where some corros on 
can be tolerated or which are equivalent m corro ion rt.«istance to tho«e materials 
in common a e 

Cla's C Materials not ordinarily considered euitablc 

Class A Matenals Examples of parts which normally require Class A roatenab 
are valve scats pump shafts and nng «mall sprmgs etc The definition is based on 
the normal requirements for such parts however and not on what can be used in 
the ab ence of something better "With extremely corrosive fluid® eg hot conccn 
trated hydrochloric acid it may be ccces^ary to make critical parU out of matenals 
which corrode with appreciable dimemional change and to replace tl c«o parts w 
frequently as may be cccca^ary The fact that a critical part is made of a particular 
material does not ju-tifv a Class \ rating for that material unless it at o meets the 
requirement of very little dimensional change In other woriL a Claa k material 

• M«t«nals conform eg to Class A wiU in (CDcrsI be those w b ch corrode st s rate no ereater than 0 
ipy Matenals conformin* to Class B » II in many cases be those «b eh corrode at ra es between 0 DO 

ipyandOOo py As ind ealed in the d scues on thel m t ogeorros on rates which determine th i ela»* 

6eat on cannot be defined pree aely 
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will always be among the bast materials, but the best material is not necessarily a 
Class A material. 

Class B Materials. Examples of non-critical parts which can tolerate some corro- 
sion, i.e., which can be made of Class B materials, are tanks, piping, valve bodies, 
many structural parts, etc. Again the definition is based on the normal requirements 
for such parts; and, since these requirements vary over a much wider range than do 
those which provide the basis for the definition of Class A materials, the definition 
of Cla=s B materials is correspondingly less rigid. In this classification, usefulness is 
the determining factor. 

Circumstances frequently convert one of these non-critical pieces of equipment into 
a critic.al part which cannot tolerate much dimensional change. Springs and other 
load-bearing members, for e.xamplc, can, in the absence of pitting and stress corrosion 
phenomena, tolerate an appreciable amount of corrosion when the amount of metal 
removed docs not represent too large a percentage of the total cross-sectional area. 
For parts having an initial small cross section, however, any loss of metal may be 
too large a percentage. Practically, then, there are limiting sizes below which such 
parts are critical and require Class A materials and above which they arc non-critic.al 
and can employ Cla.ss B materials. Similarly, light-wall tuliing must usuallj' be made 
of a material that is Class A in any environment with which the tubing is used, 
whereas standard or extra heavy pipe can be, and freqiicntlj' is, made of Class B 
material. The corrosion rates for a number of materials with the same environment 
may vary over a fairly wide range, within which range one material may be better 
than another, yet all may be useful. It is with this class of materials that the incidental 
conditions of expasure must be considered with particular care, as reliable and 
economical service from one of them depends on complete information about the 
corroding environment and also about all other factors which may alTect the iiseful- 
nc.'j.s of a material. 

Class C Materials. Class C materials will in most cases be the materials which 
corrode at an excessively rapid rate, but they may also bo those materials which 
corrode just enough to produce objectionable contamination of the fluid with corro- 
sion products. In general, materials which will normallj' be Cl.ass B will bo Class C 
with environments which cannot tolerate contamination with corrosion products; and 
materials which would normally be Class A might be expected to retain their Class 
.•V rating. .'Vctuall.y, a material which corrodas appreciably, but yields colorless or 
tasteless eorra-ion products, may be lc.<s objectionable than another material which 
is almost, but not quite, completely resistant to corrosion and yields highly colored, 
poisonou.s, or otherwise objectionable corrasion products. Some of the high-chromium 
alloy.s, for example, might bo rated Class A with certain electroplating solutions from 
the standpoint of any dimensional change resulting from corrosion, yet they actually 
rate Class C because a .small amount of corrosion contaminates the solution with highly 
objectionable chromium salt.s. In general, the influence of corra=ion on contamination 
will depend, among other things, upon the ratio between the area of material exposed 
to the volume of fluid which may become contaminated. A material acceptable for 
some small critical part may introduce too much contamination when used for piping, 
t.anks, etc. Conversely, a material not acceptable for parts which h.ave a large .surface 
area micht find use for some other part having a much smaller area and for which it 
is especially well suited from the standpoint of phy.sical properties or some other 
re.ason. 

The probability of strcs.= corrosion m.ay also be cause for assigning a Class C rating 
to an othenvho useful material. Here again the use to bo made of a material may 
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determine the ratmg A material m the form of a part which doca not retain residual 
interaa! trea^Co resulting from fabrication or La not «tree ed aa a pha-e of its u,e nia> 
re^i t corrosion well enough to be entitled to a Cla^s B or e\ca a Clxs A rating 
T\ben re^iatance to both stress and corro ion are inaohed the rating maj change 
to Class C 

In comidermg the abo^e classification the fact that material fluid sj terns are 
iniohed must again be emphasized for frequentlj a material will be gi\en one 
rating with one chemical under one 'et of conditions and a different rating with the 
same chemical under different condition For example graj ca«t iron is commonlj 
u^ed with 94 to 9S^ mlfuric acid hot or cold and in such sen ice this material would 
certainly be a* igned a Class B rating and might bj some be rated Cla^s A T1 e 
^ame material is not recommended at all for use with hot sulfuric acid of concentra 
tion o% er 100% and m such semce it would ju«t as certamlj be rated Class C 

Onginallj it had been intended to follow the usual practice of rating a material 
on the basis of ideal conditions and explaining the failure of a material to come up 
to expectations as being due to departures from ideal conditions In the adopted 
cla'vification howeier Clas. \ materials are defined as tho. e who^e bchauor is not 
likelj to be altered matenallj b> departure from the ideal This is still not a rigid 
definition but it comes cla.er to being practical than one based on conditions which 
seldom obtain in the field For example cast iron and carbon steel are common]} 
u«ed for ^ahes piping and other equipment exposed to 94 to 9S% sulfuric acid >ct 
the.e materials are not rated Cla.s A for an} pha<e of sulfuric acid service bocau-e 
their behavior i altered materijllj bv incidental conditions of expaure In the 
absence of exposure to the air as in the case of a valve in a pipe line which is com 
pletoly filled with acid on both sides the e matenab give excellent remits and can 
ev en be used for v ah e oevta and oti er critical parts In «ome other locition where a 
part maj be exposed altcmatch to acid and to air (conlaming moisture) the acid 
ma> become diluted as a re ult of ab orption of moi~lure and become actively corro* 
«ivc Since this pos.ibilitv is alwav« pre cot as an incidental condition of exposure 
the.e materials arc not given a Class A rating with eulfunc acid 

The line of demarcation between CIta B and Cla C materials is lo«3 sharp than 
the diva«ion between Class A and Cla. B (or between da's A and da's C) becau'c 
the definitions of the amount of corro ion which can be tolerated and that which is 
esce IV e are again peculiar to a particular situation A part which can be casilj 
repaired or replaced can as a rule tolerate an amount of corrosion which would 
be exces'ivc for a similar part ii.ed in some ]e*s accesk.ible location Similarl} wl at 
mvj be acceptable for an expenraental or tcmponiy installation maj not be accept 
able for another installation witl in which conditions cannot be ®o well controlled 
and wl ich mav be expected to operate for a longer period of time Matenals suitable 
for u e with an) ydrous hjdrogen chloride in pilot plant in tallations for example 
mav be cntirclj umiited for u^e vwith the eame chemical m large-ecale manufacturing 
plants from which mouture cannot be complctclv excluded Again the hanillmg of 
abnormal!} corro. ive fluids ma} necexitxte the u-e of a material that corrodes at a 
rate which would be considered cxce vc when dealing with other le^ corraiie 
chemic il but la tolerated with a fluid like hvdrochloric acid — with which ver} few 
niatcnil have Cla. A rc«L tance In such eitualion’ extreme caution mu t be u'c ] a* 
incidental condition.? of exposure eg aeration are quite likel} to change the corro- 
«ion rate from one which cm be tolerated to one which is cxce ivc la general an} 
material to wl ich a CIa.®3 B rating has been ais'lgned might under v erv adv er«e condi 
tioa be entitled to no better than a Cla.'b C rating but is not entitled to a Cla^s A 
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rating on tlic ba^is of probable or average behavior, even though it may sometimes 
exhibit Class A properties under the most favorable conditions. Similarlj', materials 
which have been given a Class C rating might under very favorable or unusual condi- 
tions approach a Class B rating and occasionally be used. The fact that they arc not 
in common u.sc or efiuivalcnt in corrosion re.-islance to those in common use would 
prevent them from attaining a full Class B rating. 

An additional cause for a change from Class A or Cl.as.s B rating to a Class C rating 
is the change in the corrosion characteristics of a fluid resulting from changes in its 
composition. When such changes are made intentionally, the rc.-ult is u.'Ually classified 
as another and difi'erent fluid. It is not unusual for a change in composition to occur 
as a rosult of normal .service conditions, however, and the.se change.s in composition 
arc frequently responsible for the departures from ideal conditions which complicate 
the evaluation of corrosion resistance. In the tables which follow, the Cla.s.s A and 
Cla.s.s B ratings are — unless otherwise stated — based on the n.s.sumption that the 
fluid is chemically pure, or, at worst, coromcrciall.v pure. Under Class C rating, how- 
ever, attention will frequently be directed to the effect of contaminants — i.e., changes 
in composition — on the corrosion of various materials by the chemical under 
consideration. 

List of CoiiitosioN-Ri;sisT.\XT MATEniAts 

The selection of a material for u.sc with a particular fluid i.s often complicated by 
the large number of materials commercially available. Between many of these 
materials, however, there arc more outstanding differences in physical properties than 
in the ability to resist corrosion, a situation which becomes particularly apparent 
when materials arc evaluated in accordance with the aforementioned definitions of 
Cla.ss A, Cla.s.s B, and Class C materials. In this section, therefore, no attempt will be 
made to rate all materials. Instead, metals and alloy.s have been classified into “typc.«,” 
with one to several representatives for each type. (See Table A.) With a few excep- 
tion.s, which will be noted later, it is believed that this list from the standpoint of 
corrosion resistance covens the total number of available metals and alloys which are 
industrially important. To thc.se metals and alloys has been added a number of non- 
metallic materials, without which chemical industry would be .«eriou.sly handicapped. 

Magnesium provides the exception to the general rule that the evaluation of 
corrosion resistance for the purposes of this section is based on actual performance in 
chemical plant equipment. iMagne.-ium has not been used extensively as a corrosion- 
resisting material, and references to it in the tables will, in most cases, be based on 
laboratory rather than field experience. 

Con.spicuous by their absence from Table A arc the three metals zinc, cadmium, 
and tin. Their omi.ssion does not imply any suggestion that they arc not industrially 
important but is based on the following con.sidcrations. 

Zinc, like magnesium. Is used for many articles which are not ordinarily expo.-'cd 
to corrosive environments and do not require c.specially good resistance to chemical 
corrasion. When u.=ed in corrosive environments, the serviceability of both magne.sium 
and zinc is likely to depend to a large degree upon the supplementary use of protec- 
tive coalings. Zinc and cadmium are used as corro=ion-rosi=tant materials in the form 
of protective coatings on iron and .steel (occ.a.sionaIly other materials), but only when 
the exposure Is to mild or moderately severe environments. 

Tin, like zinc and cadmium, find-- considerable 11=0 as a protective coaling for other 
metals; and al-o is used in the form of block tin pipe for handling distilled water and 
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carbonated be\ erages, and m «!hcct and foil for collapsible tubes and packaging From 
the standpoint of the handling of chemicals m general, howeier, it is not a corrosion- 
rti-iatant material 

AI o omitted from Table A are the manj organic protects e coatings of the paint, 
lamish, or lacquer tjpe Some of these coatings are of considerable industrial impor- 
tance, but thc 3 haic been omitted for two general reasons In the fir-t place, a coating 
cannot be e\aluated on the baaia of its composition alone Skill of application and 
control of the conditions under which a coating is applied are often of greater 
importance than lariations m the coatmg itself In the second place most protectne 
coatings are sold under trade names or numbers, any one of which may apply to 
more than one formula or to a basic formula which has been modified to meet changed 
conditions ^\hen coatings of this tjpe can be eialuated on the ba^is of specified 
compositions rather than on the basis of arbitrary designations, it maj then be 
possible to assign ratings to them just as ratings haie been assigned to metals and 
alloys and a few non metallic material' la contrast to protective coatings of this 
tjpe are protective linings compn ed of matenaU which arc prefabricated into lajcra 
of substantial thickness and then attached to a metal surface T> pe 25 and some T> pe 
24 materials fall within this category, but all of them are not restricted for use in this 
manner 

The original plans for this section contemplated ratings for a much longer Ii«t of 
chemicals Since the method of rating materials used here lo somewhat experimental 
and since the preparation of additional tables would have delayed publication it was 
decided to limit this section m this edition of the Corrosion Handbook to the 
chemicals listed m Tables 1 to 12, inclusive Additional tables will be compiled and 
published at some later date 

Effect of TEviPEitATcmE 

It should be noted that the headings at the top of the second and third "Tempera- 
ture” columns use the words “up to" instead of the single word "at," the assumption 
being that a materi'il which is entitled to a given rating at some elevated temperature 
is entitled to the same rating at anj and all loxicr IcmperatuTes One exception is 
cited in the case of magnes um with hydroBuoric acid 
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T.vuli; a. list OF MATERIALS 


Typo 

Nominal Composition 

1. Aluminum and Aluminum- 
Ba<ic Alloys 

(.V) Commercially pure aluminum. Not more than 1% 
total impurities, mainly iron and silicon. 

(B) lliKh-puritj' .aluminum, containiiiK up to 99.85% Al. 

(C) Al-Mn .alloy, cont.aininR 1.2% Mn. 

(D) Duralumin-type .alloy; cout.aining 4.0% Cu. 0.5% 
Mn, and 0.5% Mg. 

(E) Al-Mg silicide .alloy; containing 0.7% Si, 1.3% Mg, 
and 0.25% Cr. 

(F) Al-Si alloy.s, containing 5 to 12% Si. 

(G) Al-Mg alloys, containing 3.8 to 10% Mg. 

2. Iron and Steel (See Note 1)* 

Includes commercially puio iron, wrought iron, low- 
alloy irons, mild steel, low-alloy steels, gray cast iron 
(with and without small .alloy additions), and malle- 
ahlo cast iron. 

3. lliRli-Silicon Cast lions (See 
Note 2) 

(.V) Not less than 14.25% Si. 

(B) Not le-s than 11.25% Si; approximately 3% Mo. 

4. Hipli-Nickcl Cast Irons 

(A) 13.5 to 17.5% Ni; 5.5 to 7.5% Cu; 1.5 to 2.5% Cr. 

(B) 18.0 to 22.0% Ni; nil to 4.0% Cu; 1.5 to 3.0% Cr 

(C) 28.0 to .32 0%, Ni; 2.5 to 4.5%, Cr. 

5. 4 to 10% Chromium Stools 

4 to 10''o Ct ; 0.5 to 1.5% Mo or W; 0.15% G (max.). 

0. Stainless Stools (Martensitic) 
(Poo Notes 3 and 4) 

(A) 11.5 to 14.0%, Cr; 0.15%, C (max.). 

(B) 11.5 to 14.0 7o Cr; 0.35 % C (max.). 

(C) lO.O to 18.0% Cr; 0.05 to 0.75%, C. 

7. Stainless Steels (Ferritic) (See 
Notes 3 and 4) 

(A) 15.0 to 18.0% Cr; 0.15% C (max.). 

(B) 23.0 to 28.0%, Cr; 0.257c C (max.). 

1 . Stainlo's Steels (Austenitic) 
(Notes 3, 4, 5, and 0) 

. 

(A) 18.0 to 20.0% Cr; 8.0 to 10.0% Ni; 0.08%, C (max.). 

(B) 17.5 to 20.0% Cr; 10.0 to 14.0% Ni; 2.0 to 4.0% Mo; 

0.10% C (ma-x.). 

(C) 22.0 to 2-1.0% Cr; 12.0 to 15.0%, Ni; 0.20% C (max.). 

(D) 21.0 to 20.0% Cr; 19.0 to 22.09c Ni; 0.25% C (max.). 

9. Special Fo-Cr-Ni Alloys (Aus- 
tenitic) (See Note 7) 

(A) 19 to 209'c Cr; 22 to 219J Ni; 2 to 3% Mo; 1.0 to 
1.75%, Cu; 1.0 to 3.259(, Si; 0.07%, C. 

(B) 207c Cr; 29% Ni; 2% Mo; 49(, Cu; 1% Si; 0.07% C. 

(C) 2.5% Cr; 35% Ni; 59(, Mo; 0.20-0.509o C. 

10. Nickel 

Commercially pure nickel. 

11. Ni-Cr-Fe Alloy 

79.5% Ni; 13.09o Cr; 0.5% To; 0.2% Cu. 

12. Ni-Cu Alloys (more than .10% 
Ni) 

G3.0 to 07.0% Ni; 29.0 to 30 09c Cu; 0.9 to 2 0% To; 
0.10 to A.07c !^i: nil to 2.759'r Al. 

13. Ni-Mo-Te (Cr) Alloy.s 

(A) 55.0 to C0.09J, Ni; 15.0 to 20.09o Mo; 15 0 to 20.09o 
Fc. 

(B) G0,0 to G5.0% Ni; 25.0 to 35.0% Mo; 5 09 ^, Fc. 

(C) 55.0 to GO 0<-'c. Ni; 15 0 to 20.07c Mo; G.0%. Fc: 12 0 
to lG09c Cr; 5 0% W. 


* ?o<‘ \oU-- <111 iiji. T.").'!. TSO. 


























18 Lead 


11 

20 


Silver (See Note S) 


(A) 09 9% Pb 0 08% Cu (max ) 0 00a% Pi (mas ) 

(B) 99 8o% Pb 0 08% Cu (max ) 0 00j% Bi (max ) 
0 0o% Te 

(C) 4 to 10% Sb rcroaiDdcr Pb additions os la (\) o 

(D) above 

Fine siKer 99+ % 


Noble Metals and Tantalum (A) Tantalum 
(See Note 9) (B) Platinum and platinum allots 

/O Gold 


Magnesium and Magnesium \ 

Base A]lo>s (See Note 10) 


Ceramic Materials 


(A) Glass 

(B) Porcelain 

(O Chemical etoncyarc 


23 Carbon and Graphite {‘'ce 
Notes 11 and 12 below) 


(A) Carbon 

(B) Graphite 

(C) Impervious carbon 

(D) Imperious BTaphitc 


2^1 


Plastics (See Notes 12 and 13) 


(1) \iD>lidenc chloride-type resin 
(B) Phenolic resin asbestos-filled 
(O Phenolic resin graphite-filled 
(D) Furanc n“in asbestos or graphite-filled 
(T) Polj'sinyl chloride-t> pc resin 


25 


Rubbers and fej-nthctic Elas- 
tomers (See Notes 12 13 and 
14) \ 


(V) Natural nil licr (1) soft (2) hard 

(B) GItA (buta licnc-Bcr>lomtrile) (1) soft (2) 

(O GRS (butadiene-styrene) (1) soft (2) hard 

(D) GRI (butsd»cne-i«obut>lcnc) 

(E) GRM (c> loro/ n?np) ^ 




CHEMICAL HESISTAST MATERIALS 


/oo 


No!/- 1. The variou” mcKlifications of the aJxive materials are to numerous, and the dif- 
ferences in Ixiha-i-ior arc fo --licht in most cases that they liave not I>ecn divided into eubgroup*. 
Where convincing e'.ddcnce of outstanding difTercncei in behavior is available, appropriate 
footnote? are inserted. 

,Vo!< 2. These materials resist corrosion by many en-.dronment’" at elevated tcmj)craturcs, 
but are not al'.vay“ usable at those temperature^ l/ccause of danger of brealmge rc.=ulting from 
thermal shocks. The rating,-, assigned do not take thi- factor into consideration and are based 
on corro-ion re-l-tance only. 

No!' 3. TyjK.- 0, 7, b, and 9 mate.n'ils depend for maacirnum resi-tance to corrodon upon 
proper heat treatment and, in some ca"es, u{j<)!i proper surface preparation, .Such treatment 
may not Ijo nr-ce-sarv- -n-ith all environment-: v.-ith niiich tlic-y may be used, but the rating*! 
assigned to the-e materials are all based on the a---uraption that the mate.rials have been 
proi>erly conditioned in accordance vith standardized and approved procedure.*’. 

No!o Jf. The m.achining jj.'oijfrtie- of steel*; in Group- Ot, 7a, and bA may lx; improved by 
the addition of pho-iihoru**, sulfur, or selenium tin amount? over 0,07%) vdth or v.ithout 
additions of moUdxieniim or zirconium (in amounts up to 0.00%). In some envirrjiimcnts 
the-e free machining grade? arc inferior to the eo.TC-sfx/nding grade-' v,-hich do not contain the 
free machining addition?. Pro-ixctive u-ers should ascertain v.hc-thcr the.'e additions liave 
any adverse effect on re-Lstance to corrosion bj- the prof/osed environment. 

,Vo/e 5. Unless othe.'‘v.ise stated, the latiiig? as-igned to Type fe mate.-ial? in the Corrosion 
Table.? are ba?ed on the a“-umption that the carlx)n content is not over 0,10%, There are 
many situation? in wliich the same mate.--ial? -K-ith higlicr carlxin content are entirely aatis- 
faebuy, but this should lx- determined by actual test in the proposed environment. 

No!' G. .Stainle?- 'tit-l? in thi- austenitic group, heated in the range Z'/J° to SoO’ C (Co0° 
to l.j.TO’ T; and lacking p.'o.'xr final heat treatment, are subject to intergranular corronoa. 
They may lx sbahilizcd to i)rcverit this type of attack by the addition of columbiuro or ti- 
tanium (see dl-cu?-ion of intergranular corroAoa, p. 101). The carlxn content of alloys so 
Etabilized should not czcr-c-'I 0.10%, 

,Vol« 7. These material? — v.'hcn not propc-.-Iy heat-treated or containing too much car- 
lx>n to permit effective le-at t.'catrncnt (9c) — arc suseeptible to inU-rgranuIar corro'ion by 
many of the same environment? v.lrirli cau.?e intergranular corrosion of Tyjx 8 materials. 
The u“e of 9c -n-ith any environment v.'hifh is kno'.vn to lx* capable of causing intergranular 
corro-ioti of any of the other austenitic material- should lx riuestioned un’e?-! the carlxa 
content i« limited to 0.10% (max.), or unle‘i cxfxrienee ha? demonstrated that 9c v-nth some 
higher carlxjn content t? irnmuno to thi? type of att.-ifk. Unle-- othe.-ivise stated, the ratings 
for Oc are b-ised on the pres-jjfiptpjn that the carlxn -.-.■ill lx; over 0.10%;. 

No!' y. .‘■terling silver and other silver alloy.- are sometinies u-ed lx.-cau?o of more de- 
sirable physical j/rorx-.-tie?. The corro-don re.-i-taijce of the-e alloys should not lx ast-unied 
equivalent to tluit of fine sil-.-t-r, 

.Vote £*. .-illoy? of platinum svith iridium or rhodium may Ix; more u?eful than pure plati- 
num Ix-cause of Ixtter phy-ical projK-rtie?. Unle?-,- otherv.-i-e noted, the recommendations for 
fdatinum apply to the-e alloj-s .'.l?o. 

-Vefe JO. There are numerou? variations of the?e material?. Preexxotivo users should a»- 
cert'.in v.hicli t;.-pe or t>Tx- can lx u?ed vrith tl;e propo-ed enviro.ument. 

No!' JJ. There are •■/-.■its.] varietie-- of imper.-iou- carlxjn and imrx-.-viou” graphite, and 
there are im;x.rt.ant di.'Tcrence? in heat transferability and other physical prope.'lie'? Ixtvrecn 
grade- made from the same stock. Pro-pective u-er.= should a«cx-rt,-iin v.-hicli t>TX or tj-pcs can 
lx- usmI V ith the prorx)?<xl environment. Impei-.-ious graphite L? u?€-d more generally than 
imjx-rvitjus carlxm. 


.Vov 12. f'ljaracterl-tic prop--Ttie-- of Type? 2.1. 2-1. and 2.7 m-iteri.'ih may be modified 
by formulation .and procr-.ing (e.g.. jvldifion of o- change? in plasticizers, fi!le.-s, etc.) to 
mr-ct Sj-x-cihe condition?. Co.nsf.Tjently. some of tlie iettf-r de-irtnation-i refer to types rather 
than to rigidly contrrd’cd repre-entative? of a ti 7 x. and pro-pertive user.s of the?e materials 
should cor.c-jlt the s-ipplir-rs for mo'C ?;xxific Tecommendation?. V.Tien any of the?e mtt- 
te-ial? arc u’cd a? linirig-. IxP.h the Ixmd used to obtain adhesion U> the stee! or other metol 
and the tldcknes- of the lining have a decided influence on tl;t- limiting facto.-s of ge.-adee. 
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CHEMICAL RESISTANT MATERIALS 


}%oU IS Mo't of the®c materiala are bkely to break as a result of sudden thermal shocks 
when formulated into the "hard ’ forms The ratmgs m the Corrosion Tables do not take 
this factor mto consideration but are based on corro«ion resistance only 

Sole H Grades A B and C under Type 25 are aiatlable in non-ngid forms commonly 
designated as ‘«oft and m rigid or ' bard ’ forms In general, the latter retain the character- 
istic chemical propierties of the corresponding •*oft forms (sometimes to a different degree) 
but they differ in phjsical properties and, as a consequence, differ in their behainor with 
respect to such factors as temperatures, abrasion, mcchamcal "tresses, etc Grades D and E 
are aNailable onl} in soft forma 



CHEMICAL RESISTANT MATERIALS 


int 


Table 1. ACETIC ACID GROUP 


(See p. 753 

1 . A1 and A]-Ba--c Alloys 

2 . Iron and Steel 

3. IliRh-Si Cast Irons 
•I. llinh-Xi Cast Irons 
5, '1 to 10% Ciiromium Steels 
0. Stainless Steels (Martensitic) 
7. Stainle-'- Steels (Ferritie) 

S. Stainlc'<s Steels (Austenitic) 
0. Special Fc-Cr-Ni Alloys 
(Austenitic) 


Tiipcs of Material 

subgroups and ful tlicr details of 

10. Nickel 

11. Ni-Cr-Fc Alloy 

12. Ni-Cii Alloy.s (>50% Ni) 

13. Ni-Mo-l’e-(Cr) Alloys 

14. Ni-Cr-Cu-Mo .III 03 ' 

15. Ni-.Si Alloj' 

10. Cu-Ni Alloys (>50% 

Cu) 

17. Cu and Cu-Rasc Alloj’S 
IS. Lead 


composition.) 

19. Silver 

20. Noble Metals and Tan- 
talum 

21. Mg and Mg-Ba«o Alloy.s 

22. Ceramic Materials 

23. Carbon and Graphite 
21. Plastics 

25. Rubber and Si'ntlietic 
Elastomers 


Acetic Acid and Acetic A.vm'DiiinE 


% By 

Class .V Matei ials 

(See definition of Class A Materials 

on p. 748.) 

IVeight 

.-It Room Tempciature 
Onij’ (up to 30 ° C, 85° ]•’) 

Up to Intorrnccliato 
Tonii)cnif me IiuliVotcti 

Up to Boiling Point 

Up to 10% 

lA, 11 , c, E, f; 12; 2Ia, n 


3a, n; 8 a,h,c,d; 9A,n,c; 11, 
13 a, n, c; Ma; 15; 19; 20a, 
n,c:22A,D,c;23A,n,c,D;24D 

10 to 207 c 

1 a, u, c, e, f; 12 ; 2 - 1 a, 11 

i 

jt, n; 8\, n, c, d; 9a, 11 , 
c; 13a, n, c; I-Ia; 15; 19; 
20a, d, c; 22a, n, c; 23a, 
n, c, d; 24d 

20 to 507c 

lA, i), c, E, r; 12; 2 1 a, n 

Sa up to 80° C (175° F) 

3a, d; 8n, c, n; 9 a, n, c 
13a, d, c; 14a; 15; 19;20a, 
11 , c;22a, ji, c;23a, n. c, d; 
2 Id 

50 to 80% 

1a, n, c, E, r; 12; 21 a 

8a up to 80° C (175° F) 

3\, n; 811 ; 9a, d, c; 13a, 
n, c; 1-1a; 15; 19; 20a, 11 , 
c; 22a, n, c; 23a, n, c, n; 
2 Id 

80 to 99.9% 

1a, 11 , c, E, f; 12; 24a 

8.V up to 80° C (175° F) 

3a, 11 : 8 n; !)i, 11 , c; 13 3 , 11 , 
c; 14 a; 15; 19; 20a, n, c; 
22t, 11 , c; 23\, n, c, d; 21d 

100 % 

21\ 



Hot vapor.s 
(■‘'CO Note 1 
below) 



8 i>; 9a, I), c; 12; 14 a; 19; 
20a, II, c; 22 a, n, c; 23 a, 
II, c, D (See Note 1 beloAv) 

.-Icetie an- 
hydride 

1a, n, c, E, r; 13a, n, c; 15 


8 n; 9 a, 11 , c; 13n, c; 14a; 
19; 20a, d, c; 22a, n, c; 
23 a, n, c, D 


.\o'r /. The limiting temperature for ino->t metallic mat .rials will be that at which "High- 
Temperature Corrosion" iK'gins. .Vmong the non-motallic material, 23a, n are Class A at 
all temperatures, and 23c, D are Cla<=« A up to 170'’ C (310° F) and Class C above that 
temperature. 
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CHEIIICAL RESISTANT MATERIALS 


Table 1. ACETIC ACID GROUP — 


Acetic Acid axij Acetic Axhtoride 


‘"f By 

Class B Materials 

(See definition of Class B Materials on p 749 Other matcrbls in common use 
are listed under Class A Materials ) 


At Room Temperature 
Onlj (up to 30* C. S5* F) 

Up to Intennediato 
Temperature Indicated 

Up to Boiling Point 

Up to 10*^0 

4a, b, c, d, Ca 

1a, b. c, p. e. r up to 70* C 
(IGO* F). 24 b up to 100“ C 
{210* F) , 24c up to 50“ C 
(130* F), 25 a 2 and 25 d 
up to C5* C (150* F) 

Ob, c, 7a, 8. 10, 12, ICi 
B, c, 17a, b, c, d 

10 to 2Q<r« 1 

6b, c 

Ia. B.c. o. E, rup to 70“ C 
(160* F). 24 b up to 100* C 
(210* F) . 24c up to 50" C 
(130* F), 25 a- 2 and 25 d 
up to ftS* C (150* F) 

7a, b,8a, 10, 11, 12. ICi. 
B, c, 17 a, b, c, d 

20 to 507e 

Gb, c 

1a, d c, d, e. r up to 70* C 
(160* F), 24 b up to 100* C 
(210* F), 24c up to 50“ C 
(130* F). 25 a- 2. and 25 d 
ip to 65* C (150* F) 

7a, b, 8a, 10. 11, 12 IGa 
B, c, 17 a, S, c, t> 

50 to 80% 


1a. b, c, d. b. r and 7 a, b 
jp to 80* C (175* F) , 24c 
up to 50* C (130* r).2oA- 
2 and 25 d up to 65* C 
(150* F) 

Sa. 10, 11. 12, IGa, b, c, 
17a, s, C, D 

SO to 99 9% 

24b 

1a, b, c, p. e, p and 7 a, b 
up to 80* C (irS’F); 24c 
upto50*C(130*F), 25a 2 
and 25d up to 65* C 
(150* F) 

6b, c 8a, c, n, lO, 11, 12, 
ICa, b. c; 17a, b, c, d 

100% 

24b 

24c up to 50’ C (ISO* F) 
25A-2 and 25 d up to 65* C 
(150* F) 


Hot I apors 
{Soe Koto 
1, p 757) 



T>T)e 2 Materials and 4i. 
B, c above dew point, 6c. 
0. 10. 11. 12. 16 a. b, c: 
17a, b. c, d (Sec Note 1. 

P 757) 

Acetic aD- 
hydnde 

4a, b, c, 24a. b c 

1a, b, c, b. f up to so* C 
(175* F). 24 d up to 50* C 
(130* F), 25 a- 2 and 25 d 
up to 65* C (150* F) 

3a. b; Ca, b, c, 7a, b; 8a, 
c,d,10,11;13a. d, c:Ha, 
15. IGa, b. c; 17a. s. c. d 





CHEMICAL RESISTANT MATERIALS 750 

Tahlc 1. ACETIC ACID GROUP — Con/iVn/rd 


.\cETic Acin Axn Acetic AxinTiniDE 


By 

Class C Materials 

1 (Materials not ordinarily considered suitable) 


! At All Temperatures 

Above Indicated Tomperaturos 

Upto9S).97c 

iTypes lo, 2, ‘1, (aliovo 10%), 5. 17g, IS. 
and 21 matcrialg 

.Ml Type 1 materials with solutions 
which me cont.aminatcd with formic 
acid or with .as muclias 1 ppm of copper, 
tin, or load 

.Ml Types 1, 0, 7, and Sa, c, d materials 
ivith holutions contaminated with sul- 
furic acid, hydrochloric ncid, or salb 
Types IG and 17 materials with liiRhly 
aerated solutions, 17e, r materials 
which contain load with edible products 
All Typo 18 niatcri/ds, 25a-1, B-I, o-l, 
D, n 

|1a, b, c above 30° C (S5°F) with con- 
centrations up to 10% 

Ga. b, c above 30° C (85° F) with con- 
centrations above 10% and up to 80% 
7a, n above 80°C (175°F) with concen- 
trations above 50% 

2-1a above 50° C (130° F); 21c above 
.50° C (130°F): 25 a- 2 and 25 d above 
G5° C (150° 10 

100% 

,Vs above 

•Ml Type 1 materials above 105°C 
(120°F) c.xcept when ncelio anhydride is 
also present. Otherwise ns above. 

Hot vapors 
(See Note 1.; 
p. 757) 


(See Note 1, p. 757) 

Acetic an- i 
hydride | 

Ui; 2; 5; ITo; 21; 25 a-i, li-l, c-i, n, i; 

1a, b, c, k, e above 80° C (175°F);4 a, b, 
c above 30° C (85° F) :2‘1a, b above 50° C 
(130° F) : 21c above 30° C (85° F) ; 25a-2 
and 25d above 05° C (150° F) 


Reuateo Acibs 


RiitjTic ncid 
Forniio acid 
Lactic ncid 
Propionic ncid 
PyroliRncovi*- ncid 


TIiosc acids lioliave much like acetic ncid, data lor ivliich apply here also. 
The cautions roEardiiiK the IiandlinB of acetic acid contaminnted with 
salt, mineral acids, and hca^'y metals should be observed. 

exception!!. Formic ncid Corrodes nluminum, which is ordinarily Class C, 
and lichavcs dinTcrontly towards Types 2-1 and 25 materials than acetic 
acid. Consult supplier.s of these materials for more .specific recornmenda- 
tion.s. 


Class A, B, or C Materials 


Food Pnonccra Containixg Acetic Acid on Rr.tATnD Acins 


Butler and 
buttermilk 
P'luerkraut juice 
Vinetrar and 
fruit juices 


The-c may be more troublesome than pure acids nith materials which tend 
to pit Iwcau'e of tendency to deposit .solid substances on metal .surface, 
rias^ B materials frequently not acceptable Ixieause of adverse cffeel of 
dissolved metal salts on color and flavor. Type 18 materials and other 
materials rich in lead are Cla's C. 
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CHEMICAL HESISTANT MATERIALS 


Table 2 CITRIC ACID GROUP 


Tifpes of MaUnal 

(See p 753 for sub-groups and further details of composition ) 


A1 and Al-Base Alloys 
Iron and Steel 
High-Si Cast Irons 
High-Ni Cast Irons 
4 to 10% Chromium Steels 
Stainless Steels 
(Martensitic) 

Stainless Steels (Ferritic) 
Stainless Steels 
(Austenitic) 


9 Special Fe-Cr-Ni Alloys 
(Austcmtic) 

10 Nickel 

11 Ni-Cr-Fe Alloy 

12 Ni-CuAlloj's{>50% 
N») 

13 Ni-MQ-Fe-(Cr) Alloys 

14 Ni-Cr-Cu-Mo Alloy 

15 Ni-Si Alloy 

10 Cu-Ni Alloys (>5Q% 
Cu) 

Citric Acid 


17 Cu and Cu-Base AUoj-s 

18 Lead 

19 Sliver 

20 Noble Metals and 
Tantalum 

21. MgandMe-BaseAllois 

22 Ceramic Materials 

23 Carbon and Graphite 

24 Plastics 

25 Rubber and Synthetic 
Elastomers 



Class A Materials 

(See definition of Class A materials on p 74S ) 

At Room Temperature 
Only (up to 30* C, 85* F) 

Up to Intermediate 
Temperature Indicated 

Up to Boiling Point at 
Indicated Concentration 

All concen- 
trations I 

mm 

All Types 24 and 25 ma- 

terials up to limiting tem- 
perature for the material 

3a b, hB Oa, 0 , c, llu to 

5%, 13o Ua, b, 15, 19. 

20a, B c,22a,b,c,23a,b, 

C, D 

%By ! 
^ eight 

Class D Materials 

(See definition of Class B materials on p 749 Other materials m common use 
are luted under Class A materials ) 

At Room Temperature 
Only (up to 30® C, 85" F) 

Up to Intermediate 
Temperature Indicated 

Up to Boiling Point at 
Indicated Concentration 

Up to 15% 


Ia. b, c, e, f up to 100“ C 
(210" F) , 4a. b, c up to 50' 
C(120"r) with 5 to 15% 
8a, c, d up to 05" C (150“ 
F), 18\. », c up to 05’ C 
(150"r) with non-edible 
products 

4a, b, c lip to 5%, Ca, b, 
c: 7a, b, 10, 11 with 5 to 
15%, 12. 13a. d, 16i. b 
c, 17 a, b, c, b 

Oier 15% 

4a, b, c, Oa, d, c, 7a, d 

1a, b. c, e, f up to 100" C 
(210" F). 8A. c. D up to 
C6"C (150* F). 18 a, b. t 
up to G5* C (150" F) with 
Don-ediblc products 

10, 11. 12, 13a, b. lOi. n 
c, 17 a, b, c, » 
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Tabm: 2. CITRIC ACID OnOVP — Continued 


f^nisic Acii> 


% Ry 

Chi'-s C Materials 

(Materials not ordinarily con-idered suitable.) 


At All Temperature-. 

Above Imlicated Temperatures 

All conron- 
tratiorcs 

Types lo, 2. o, 17o, IS (with edible 
products) and 21 materials. All Type 1 
materials v.dth solutions which are con- 
taminated m’th as much as 1 ppm of 
eoppor, tin, or lead. All Tj'pes 1, C, 7. 
and 8a, o, p materials with .“ohition.s 
vdiich are contaminat'd with .sulfuric 
acid, hydrochloric acid, or salt. 

‘1a, I), o; Oa, 11, c and 7a, u above 15% 
above 50’ C (85° F) ; ISa, n, c (with non- 
edible iiroducts) above 05° C (150° F) 


Food Piiont’CT.s CoN'TAt.viNo Cituic 

Acid on RnPArnn Acid.s 


Carbonated bcvoraKCi 
Fruit juices 
Vegetable juices 


RccommciKlation-' lor tlio-e products may bo the same as for the 
rorro-'iionditiK concentration-i of the cliaracteri'-tic acid, but arc not 
nccc^stvrily so. Mineral acids or carbon dioxide may also bo prc“cnt, 
in rvliicli ca--c con“ult the proper t;iblo confaining recommendations 
for thc-c media. 
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CHEMICAL RESISTANT MATERIALS 


Table 3 FATTY ACID GROUP 
Typea of Malenal 

(See p 753 for sub-groups and further details of composition ) 


1 A1 and A1 Base ABo} s 

2 Iron and Steel 

3 High-Si C^t Irons 

4 High J<i Cast Irons 

5 4toiO%Cbro!SiiunaSteei3 

6 Stainless Steels 
(Martensitic) 

7 Stainless Steels (Ferritic) 

8 Stainless Steels 
(Austemtic) 


9 Special Fe-Cr Ni Alloys 
(Austenitic) 

10 Nickel 

11 Ni Cr Fe Alloy 

12 lSi-CuAnois(>50% 

Ni) 

13 Ni Mo-Fe-(Cr) Albys 

14 Ni CJr Cu Mo Vlloy 

15 Ni-Si Alloy 

16 Cu Ni Alloys (>50% 
Cu) 


17 Cu and Cu Base AIIo>3 

18 Lead 

19 SUicr 

20 Noble Metals and 
Tantalum 

21 Mg and Mg Base AUojt 

22 Ceramic Materials 

23 Carbon and Graphite 

24 Plastics 

2o Rubber and Synthetic 
Elastomers 


The data for Fattj Acids and Related Products are based on the handling of sub- 
stantialli anhj drous products m the «olid liquid and vapor states Recommendations for 
Room Temperature and Up to 100* C include the handling of «oluttons of the*^ products 
in othermae inert organic soUents Recommendations for higher temperatures include the 
handling of boiling liquids and \apors usually at reduced pressures low enough to preicat 
cracking 

To the extent that they are water soluble when aqueous solutions are encountered uso the 
recommendations for Acetic Acid up to 10% 



Class A Materials 

(See definition of Class A materials on p 74S ) 


At Room Tempera 
ture Only 
(up to 30* C 85* F) 

Up to 100* C 
(210* F) 

Up to 170* C 
(340* F) 

Up to 300* C 
(570* F) 

Abietic 

Arachidic 

Capraic 

Caprjlio 

Cerotic 

4.\ B C 6\ B c 
24 s with acid 
which are liquid at 
room tempcratw^i 
and with «olution« 
in organic «oUeiit«j 

7a B 8a C D 
10 12 13a b 
15 

23c D 

lA D c E r» 3l 
a 8b and 0\ B cup 
to 285* C (545* F) 

}J 13c J4a 19 
33a d 

Eleomargenc 

Eleosteanc 

Erucic 

Cla^s B Materials 

(See definition of Class B inatcnals on p 749 Other materials in coinmna u»e 
listed under Class A materials ) 

IsoA alene 
Laurie 
Linoleic 
Lmolcmc 

U Room Tempera 
ture Only (up to 
30° C So* F) 

Up to 100* C Up to 200* C 

(210* F) (390* F) 

Up to 300* C 
(570* F) 


ble products when to "5“ C (ICo* F) 
ul/uric acid is prtrs- with liquefied acids 
ont and with eolutioo- 

in organic soNent' 


13a d 10 12 
lOs B C 17a B 

c E, r 
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Taiilk 3. TATTY ACID GROUP — Co7i/niuc<f 


Fatti' Acids 


Cla^s C Materials 

(Materials not ordinarily considered suitable.) 


At All Temporaturos I 

Above Indicated Temperatures 


ISa, b, c with edible products; 21; all 
Type 25 materials. 

All Type 1 materials with hot vapors 
under vacuum conditions where oxycen 
and water vapor are absent from the 
environment, especially where turbu- 
lence is creat. Ga, n, c; 7a above 100° C 
(210° F). 7n, Sa. c, d and all Types 16 
and 17 materials above 200° C (300° F). 
ISa., n, c (with non-edible pioducts) 
above 30° C (S5° F). 24a above 75° C 

'(165° F). 

1 


General Note. Thc-p fattj' acids, 'nhilo related structurally to the acids in the precedinK 
two croups, diflcr from them by beinc eitliei almost completely insoluble in water or only 
slichtly soluble. In genoral, they behave much alike, and the above data should apply equally 
\\cll to all of them. Ilovover, there is some evidence that the fatty acids which arc slichtly 
w.'i(cr soluble tend to bo more corrosive than the others. When these acids arc dealt with, 
therefore, the above data should be used cautiously. 

♦ The recommndations for Tj-po 1 materials at temperatures o\-cr 100° C arc based on the 
provision that there is cnoucli o.xycen or water vapor in the environment to maintain the 
protective oxide film. 

t Sometimes u-ed uhoro considerable corrosion can be tolerated. 
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Table 4 HYDROCHLORIC ACID GROUP 
Types of Matenal 

(See p 753 for sub-groups and further details of composition ) 


A\ and A\.Ba«e Alloja 
Iron and Steel 
High-Si Cast Irons 
High-Ni Cast Irons 
4 to 10% Chromium Steels 
Stainless Steels 
(Martensitic) 

Stainless Steels (Femtic) 
Stainless Steels 
(Austenitic) 


0 Special Fc-CrNi Alloys 
(Austenitic 

10 Nickel 

11 Ni-Cr-Fe Alloy 

12 Ni-Cu Alloys (>50% 
Ni) 

13 Ni-Mo-Fe-lCr) AUoya 

14 Ni-Cr-Cu Mo Alloy 

15 Ni-Si Alloy 

16 Cu-N’i Alloys (>50% 
Cu) 


17 Cu and Cu-Case Alloy s 
IS Lead 

19 SiUer 

20 Noble Metals and 
Tantalum 

21 Mg and Mg Base Alloys 

22 Ceramic Materials 

23 Carbon and Graphite 

24 Plastics 

2o Rubber and Synthetic 
Elastomers 


HroRocnLORic Aero 


% By 

Class A Materials 

(See deSnitioQ of Class A matcnols on p 748 ) 


At Room Temperature 
Only (up to 30° C 85* F) 

Up to intermediate 
Temperature Indicated 

Up to Boilwg Point at 
Indicated Concentratinn 

Up to 1% 

13a 

13c and 24 \ up to 50* C 
120* F) 24e up to 65* C 
(150* F) 25^. BCD EUp 
to so* C fI80* F) 

13r 19 20i B c 22a G 
c 2<3 a B C D 24o C D 

1 to 5% 

13i c 

IgBM 

13d 19, 20a, b o,22t b 

c, 23 a, b, C, b, 24q, c d 

5 to 10% 

13^. c 

I3b up to 70* C (160* F) 

24a up to 60* C (120* F) 

24b c b up to 100* C 

(210* F) 34e up to G5" C 

(150® F) , 25a b. c, d, e up 

to 80* C (175® F) 

20< 1) c, 22 a, b, c, 23i, 

B C, D 

10 to 20% 

13a c 

13b up to 70* C (ICO* F) 

24a up to 50* C (120* F) 

24», C. D up to 100* C 

(210* F>. 2lE up to G5®C 

(150*F).2oS B C D.EUl 
to 80® C (175* F) 

20a, a c, 22a, d, c, 234 

B C, D 

0\er 20^ 

13a, c 

13b up to 70* C (160® D 

21a up to 50®C (120® F) 

21b, c, d up to 100* C 

(210® F), 21r up to 65® C 

(150* F) 27a b c. d, e up 
to 80® C (175® F) 

20a. I), c. 22a d. c, 234. 
D, C, D 





CHEMICAL RESISTANT MATERIALS 7G5 


Table 4. nyDROCra.ORIC ACID GROUP — Cmi/inHcrf 
HyunoctiLoitic Acin 

Class B Materials 

fSco definition of Class R materials on p. 749. Other materials in common use 
% are listed under Class A materials.) 

Weight 

At Room Temperature Up to Intermediate Up to Boilinu Point at 
Only (up to 30° C, 85° 1’) Tcmperatuie Indicated Indicated Concentration 

Up to 1% Ia, n, c*; 2*; Sn; 17a, H, r -l.\, n, c up to 50° C 3 1 , b; 10; 11 ; 12; 13a; 18c 

n; 18 a, n (120° F): 9\, n, c up to 

80° C (175° F): 13c, 14a 
up to 70° C(1C0° F) : 15 up 
to 00° C (140° F): lGA,n,r 
up to 50° C (120° F); 24a 
above 50° C (120° F) ui 
to 75° C (105° F) 

1 to bCc 15; IGa, II, c; 17a, n, 3a up to 70° C (1G0°F), 3u; ISc 

c, n; ISa, u 4a, n, c up to 40° C 

(105° F); 9a, b, c up tc 

45° C (115° F): 10 and 11 
up to 55° C (130° 10: 12 
up to75°C (1G5°F): 13a. 
c up to 70° C (1G0°F), 

14a up to 45° C (115° F); 

24a above 50° C (120° F) 
up to 75° C (105° F) 

5 to lOf^ 9\, B, c; 10; 11; 12; 14a:3a up to 50° C (120° F); 3n: 13b: 18c 

15; IGa, b, c; 17a, b, c, u; 13a up to 70° C (100° F); 

ISA, n 13c up to .50° C (120° F) ; 

10 up to 70° C (100°F); 

24a above .50° C (120° F) 
up to 75° C (1G5° F) 

lOtoOOfi 10; 11; 12; 15; 10\. ii, c, up to 50° C (120° F); 3n: 13n 

17a. B, c, D 13a up to 70° C (100° F): 

13c up to .50° C (120° F): 

18 a, b up to 80° C 
(175° IT; 18c up to KKFC 
(210° F); 19 up to 70° C 
(100° F) ; 2Ia above 50° C 
(120° F) up to 75° C 

(1C5°F) 

Over 20 ''; 10; 13c; 19 I.3 a up to 70° C (100° lO; 3i,; i;{„ 

18 A, B up to 307o tip to 
80°C (17.5° F);2tA above 
50’ C (120° F) up to 75° C 
(105° F) 


Fee asteri'F footnote on p. 70S. 

















Table 4 mPROCHLORIC ^CID GROL P — Continued 


Htdbochloric Acix> 


Bi 

U eight 

Class C Materials 

(Materials not ordmaril) con idered suitable ) 


\t All Temperatures 

Above Indicated Temperaturrs* 

Up to 1% 

•Ul TjTies 1 and 2 materials except as 

4a b c aboi-e 60“ C (120*F) Sn abo\e 


indicated under Class B materials at 

30*C (So*F) 9i B aboie 80*C 


room temperature all 7^1)63 S 6 7 8 a 

(I7a'F) I3caboie70“C(lC0“F) lit 


c D l-Q and 21 materials 

abose 70“ C (100* F) lo aboix C0“C 
(140* J) 16a » c3boi-e50*C(l'X)*F) 
1"a b CandlSA b abose 30° C (V F) 
24a aboie 7i>* C (lGo*F) 24e above 
65* C (lo0*F) 2ai D c D E above 
100* C (210° F) 

1 to o'^c 

\11 Tj'pes 1‘’567 8 vcd1o fo 

Siabose 0*C(1C0°F) 4.i b c aboie 


and 21 materials 

4C'* - (lOo* F) Sb aboi c 30* C (So* F) 
9a b above 4j*C (115* F) 10 and 11 
above 5o*C (130* H 12 aboi-e 75* C 
(165“F) 13v c above 70* C (ICO* 
14Aabo\e45°C(II5*D ICi b c 1"a 
BCD and ISa b aboic 3(f C (85* F) 
'’4.1 abose 7o*C (lOo'F) 24 e aboie 
6o*C (lc^*F) 2oa b c d e eboi-e 
lOO’C (*>10* F) 

o to 10% 

\11 Tj-pes 1 2 o 6 7 8 17o and “'1 

3a aboie oO’C (l'’0*F) ja d 10 11 


materials 

and 12 aboie 30*C (8j“P/ 13a shore 

0°C (160* F) 13c iboie 60*C 

(120* F) 14a lo 16l B l-A 8 C B 

and 18i b aboie 30* C (So*?) 21a 
aboie 75* C (165* F) 24.C aboi’O 6o*C 
(150* F) 25 a b c d e aboie IOO'C 
(210* F) 

10 to 20% 

AH Ti-pes 1 2 5 6 7 S 0 14 I7o and 

?A aboie 50* C (120* Fj 10 11 and 1* 


21 materials 

aboie 30*C (8o*F) 13a aboie 70* C 
fIC0°F) 13c ahoic 50’C 1 1‘>0*F) 15 
ICa b c and 17a o c DoMit30*C 
(8o* F) 18a b aljoie 80*(A (17o*F) 
I8c aboie 100*C (210* F) ^La above 
7o*C (1C5®F> 24E aboio Co'C 

(150* F) 25i B c D E above lOO’C 
(210° F) 

Oier 20% 

All Tj-pe® 123456789III2 

10 aboie 30° C (bo'IJ 134 aboie 


14 15 16 1~ IS and 21 materials 

70*C{100“r) 13c and 10 above 30* C 

(8o*F) 24 a aboie “5* C (105* F) 24i: 

aboie Co* C (lv0°F) 2oa B C, B * 

above lOO’C (210* F) 


All the abo^e materials eseept os indicated heloir under Oti liiing Cl loride^ — Xcid^lu 
tions are Clas« C mth solutions of h} drochlonc acid ccntaminate*! free cl I rine or 
with oxidiiing chlorides The presence of such contaminants sho il 1 alwiN-s l«o suspected m 
solutions which hai e been or arc lieing handled in iron or copper alloj-s as tl c ferrous c! Ion e 
and cuprous chlonde formed imtiall> as a result of corrosion of tle*« materials (j h>dro' 
'^ehlonc acid oxidize readily to feme chloride and eupnc chlonde re«peeti\elj Acrsti n or* 
Alerates the corrosion rate znanj/oJd and mr-MturaM solutions behasT? roufb as sol lU ns 
^^i^taminated with oxidizing chlondes ^ame is tnie of solutions containing free cllonnr 
asten'k footnote on p 7CS 

766 
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Table -I. IiyDROCHLORrC ACID GROUP — Continued 


IIydrogcx 

CiiLonini: 

The rntinKS lielow .arc bitted on the a-<Muinption that the ftas is dry or nt temperatures far 
enoviRli nliovc tlio dew point to prevent eondensation of hydrochloric acid. When water is 
present and the temperature drops below the dew point, the recommendations for hydro- 
chloric acid aripl.v- There is evidence that in some c.-uscs water vapor may increase the corrosion 
ride almvc the dew point. At elevated temperatures the luesencc of oxypen accelerates the 
corrosion, with resultant lowcrinp of the critical temperature up to which a material may bo 
used. 

Class A Malerials*,t 

Class C Materials* 

Typo 2 mnteri.al-s up to 200° C (390“ F); (See 
Notes 1 and 2, p. 705); 3a, n up to 150° C 
(300° in : -lA. n, c up to 200° C (300° F) ; 10 .and 
n up to .500° C (930° lO: 12 up to 200° C 
(390° F): 13a up to -100° C (750° F); 13n. c up 
to ‘1,50° C fS10°in: M and 15 up to -100° C 
(750° F); IfiA, n, c and 17a, n, c up to 100° C 
(210° F): 19 up to 200° C (390° F); 20a up to 
150° C (300° F): 20n up to 1100° C (2000° F); 
20c up to S00° C (1475° F) 

All Type 1 materials at all teinjieratures; cast 
iron over 315° C (000° F) and carbon .steel 
over 400° C (750°F) ; (See Notes 1 and 2, p. 7GS) 
'3a, n over 150° C (300° F); 4a, n, c over 
200° C (390° F); Types 5, 0, 7, 8, and 9 ma- 
terials; (.See Notes 1, 2, and 3, p. 7GS) 10 and 1 1 
over 500° C (930° F) ; 12 over 425° C (800° F) ; 
13a over 400° C (750° F); 13n, c over 450° C 
(8-10° F): 14 and 15 over 400° C (750° F); IGa, 
n, c and 17a, n, c over 100° C (210° F) ; 17d, e, 
r, o nt all temperatures; ISa, n, c over 100° C 
(210° F); 19 over 425° C (800° F); 20a over 
1.50° C (300° F); 20n over 1100° C (2000° F); 
20c over 800° C (1475° F) 


XoN’-OxtDIZI.VO ClILOUIDES ACID SOLUTION'S 


Aluminum chloride 
(Anhydrou.s) (See be- 
low) 

May be encountered as molten .salt or as anhydrous vapor; or ns mix- 
tures with hydrocarbons and other similarly inert fluid.s. Recom- 
mendations .are the same ns for anhydrous hydropon chloride. 

Aluminum chloride 
Ammonium chloride 
.•Vntimony chloride 
Nickel chloride 
Stannous chloride 

Zinc chloride 

Solutions of thc=c salts in water and in hydrochloric acid behave ns do 
solutions of hydrochloric acid alone. Reccmmendation.s for 1 to 5% 
hydrochloric arid usually apply. Sn and 9a, n, c, which are Class A or 
n with some conccntr.ation.s of hydrochloric acid, .are CIns.s C with 
clectToplatinp solutions which cannot tolerate contamination with 
chromium. These alloys are subject to stress corro'-ion crackinR with 
hot, concentrated solutions. 

Cuprous chloride 
Perrous chloride 

i 

I 

1 

Solutions of these salts should be expected to behave like those above. 
Practic.ally. however, they oxidize so readily to the corre.spondinp 
cupric and ferric salts that, unless protected by an inert atmosphere 
or redueinc conditions, they should bo con.'-idcred a.s oxidizing salt.s. 
(See "OxidiziuR Chlorides.") 


• Sw nptori'k footnot<' on p. 7GS. 
t See (lasyicr footnote on p. 70S. 
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Table 4 HYDROCHLORIC ACID GROUP — Con( mW 


OxiDizivc CnLOniDES — Acio ‘Solutions 


Solutions of tho'o salts m water and m hi droeWono aetd do not be- 
hav e as do solutions of hydrochloric ocid alone of equiv alcnt acidit> 
13c IS rated as Class A with cupric el londo up to 10% at room ten 
perature and mth the others up to 10% up to "O® C (ICO® F) 20i w 
Class A mth all concentrations and temperatures 3 b is CHoss B up 
to 50* C (120* F) (Differential aeration promotes corrosion It u ira 
portant to drain or flush pumps and valics o/ (fua alloy when not in 
use ) All other metallic materials ore Class C TiTie 23 and '’3 mt 
ternls are Class A up to boilmg point 23 w Class A up to feO®C 
(175* F) aass C over 100* C (210® F) 


• Some of the matonab li«ted arc apparently cnlUled to a Class B rating at teraperaturo' 
substantially higher than the limiting temperatures for Class A ratings In some situation* 
however particularly under ondizing conditions the rate of attack may increase so rnpiJlj 
snth temperature that no attempt has been made to assign Class B ratings Instead tie 
higher temperatures indicate the appronunate >alHes abo%c -which a wiaton’il becomes Chss 
C It should not bo assumed that these higher temperatures nre safe at all tunes an 1 wlh all 
types of equipment 

t Note that some of the«e Tceomroended matimum temper uures are slightlj low er ll on i ol 
ueagiseuiuTabled p fiS2 Variations in the order of 2o* to 50* Care to be expected Forron 
Note / UTien exposed alternately to anhydrous hydrogen chloride and to air the ferrou* 
chloride formed initiall} on tho surface of iron alloys oxidizes to feme chloride This feme 
chforide then absorbs moisture from the air followed by increased corrosion of the metal 
beneath 

A «£« f Carbon steels and stainless steels m contact with hydrogen chlori lo are subject to 
possible stress corrosion unless stress-rclici ed alter «eicre cold working or welding 

Note S TV itb respect to Notes 1 and 2 above Types 5 0 7 8 and 0 matornb ore no better 
than Type 2 materials and may be inferior hence they ha\o been gi'i-u “ CKss C rating 
Under favorable conditions Type 8 materials are probably not Class C nt any tofnpeTaUae 
below -ISO* C (500® F) 


Cupric chloride 
Feme chloride 
Mercuric chloride 
Stanmc chloride 
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Tabli; 5. HYDROFLUORIC ACID GROUP* 

Types oI Material 

(See p. 753 for sul>Kroups nnd further details of composition.) 


1. ,\1 and Al-Baso Alloy.s 

2. Iron and Steel 

3. fliah-Si C:i.st Iron-. 

-1. lligh-Xi Cast Irons 

.5. i to 10% Chromium Steels 
0. .‘Stainless StecLs 
(Martensitir) 

7. Stainlc-s Steels (Ferritic) 

S. Stainle‘-s .Steels 
(Austenitic) 


9. Spcci.al Fc-Cr-Ni Alloys 
(Austenitic) 

10. Nickel 

11. Ni-Cr-Fe Alloy 

12. Ni-Cu Alloys (>.50% 
Ni) 

13. Ni-Mo-Fe-(Cr) Alloys 

14. Ni-Cr-Cu-Mo Alloy 

15. Ni-.Si Alloy 

10. Cu-Ni Alloys (>.50% 
Cu) 


17. Cu nnd Cu-Base Alloys 

18. Lead 

19. Silver 

20. Noble Metals and 
Tantalum 

21. Mr nnd Mfi-Baso Alloys 

22. Ceramic Materials 

23. Carbon and Graphite 

24. Plastics 

25. Rubber and Synthetic 
Elastomers 


llYDitornuonic Acin 


% n.v 

j Class A Mateiials 

(See definition of Class A imiteiials on p. 74S.) 

Y eight 

At Room Temperature 
Didy (up to 30° C, 85° F) 

Up to Intermediate 
Temperature Indicated 

Up to Boiling Point at 
Indicated Concentration 

Up to 40% 

10; 13n, c; 24 a (See Notes 
1 .and 2)t 

(.Sec Note 1) 

12; 19; 20d, c; 23a, d, c, d 
(.See’ Note 1) 

40 to 509 ; 
(See Note D 

10; 24a (.Sec Note 2) 

13a up to 55° C (130° F) 

12; 19 up to 145° C 

(205° F); 20d. c; 23a. d, 

C, D 

60% 

10; 13 r. II (.See Note 2) 


12; 19; 20n, c; 23a, b, c, b 

70% 

(.■^ec Note 2) 

1 

12; 19; 20n. c; 23 a, d, c, d 

S0% 

(.Sec Note 2) 


19; 2 O 11 , c; 23a, n, c, d 

.so to 100% 

13 V, B (See Note 2) 


12 up to 115° C (240° F); 
19; 20n, c; 23a, n, c, d 

Anhvd. 
ni|; Plant 
arid§ 

(.'^ee Note 2) 


12 up to 150° C (300° F); 
19 (anhydrous only); 20n. 
c; 21 above 55° C 030° F) 
and up to 70° C (160° F) 
(See Note 2); 23 a, n, c, n 


♦ Incomplete d.it.i indicate that Type- 9 and 14 materials can bo used inth both anhydrous 
and a(|uoi>n- volution- of IIF. The limitinp; temperatures and concentrations have not been 
jiroperly defined; hence thc-e material- arc not cla-sified. 

t.'^eo Note- on p. 771. 

* In practice, anUydrou' hydroKOu fluoride H referred to as "A.II.F.” 

§"Plint .\eid” — .'i.Il.F. plus hydrocarbons. May contain up to several per cent of 
iv.iter. 
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Table S. HYDROFLUORIC ACID GROUP — Continued 
Htdroflboric Acid 


Class B MatenaU 

{See defimtioa of Class B materials on p 749 Other materials m common u c 
arc listed under Class A materials ) 

At Room Temperature^ Up to Intermediate I Up to Boiling Point at 


25a- 2 (See Note 1)* 


40 to 50% 
(See Note 1) 



80% 


80 to 100% h 


2 (See Note 4), 21 


2 (See Note 4) 


(See Note 4) 


Anhyd HF 

Plant 

acid 


1a for special application* 
(pacliing, gaskets, etc ) 


Up to Intermediate 
Temperature Indicated 

Up to Boiling Point at 
Indicated Concentration 

11 (up to 10%) up to 50“ C 
(120“ F) , 24a up to 55* C 
(130* F). 25a-i. c-l. D, i: 
up to 05* C (150* F) (See 
Note 1) 

(See Note 1) 

21 up to S3*C (lt>5*P) 
24-a up to 55* C (130* F) 
35a 1, c 1. D, B up tc 
35* C (150* F) 

10, 12. ie*,B.c, 17a d e 

P (all up to 145* C, 
205’ F), 18 a, b (Sec Note 
3) 

17a, d. b r (See Note 1) 
I8a, B (See Note 5) . 21 up 
to 85* C (185* D 25 d. £ 
op to 63* C (150* n 

12, ICi, b, c (See Note 3} 

IOa, b c 17a dee (Sec 
Notes 1 and 3) 

12 ('see Note 3), 21 up to 
85” C (185*0 

ICa, B, c. 17 a, d e, p (See 
Notes 1 and 3) 

12 (See Note 3), 21 up to 
*5” C (183” O 

2 (carbon steel) (See Note 
4), ICa, b. c, 17a. d, e, I 
(Sec Notes 1 and 3) 

12 (See Noto 3), 21 up to 
s5*C (185*0 


12 16a, n c (See Note 3), 
21 up to 55” C (130’ O 


Class C Materials 

(Materials not ordinarily considered suitable ) 

At All Temperatures Alioie Indicated Temperatures 

U1 Types 1, 2 . 4 5. 0. 7. 8, 17o, 20 \ U. n c (up to lQ7o)< 21 alwve 30*C 
|25 a. B, c,4a, d, c (10toC0%),TjT>c3 3 (So* F) ,24a aboaeSj* C (130‘ l'),23\-2 
|l5, 17c, 22 (See Note 6). Type 13 (Sec atmao 30” C (85” F), 25a- 1, c-l. », e 
I xote 7) aboae C5* C (150* r) 



I Ml TjTes 1. 5, G. 7, 8 17«., 20a, 23 
IriTies 3 15. 17c. 22 (See Note 6) 
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Table o. IIYDUOFLUOniC ACID GROUP — ConfmuwJ 


llTDitorLUonic Acio 


by 

' Class C Materials — Conliruic/J 

(Materials not ordinarily considered suitable.) 

U ciltht 

At All Temperatures 

.Mrove Indicated Tein[>cratures 

hO to 100% 

All 'I’ypes 1, .7, 0, 7, 8, 17<), 18. 20a, 2.7. 
Types .3, I.'i, 17c, 22 (.Fee Note fi) 

2, 17a, I), i;. r; 21 above .'lO’ C (87’ F); 
17a, d, u, r with hifth-velocity htrentns 

Anhyd. HF;| 
Plant acid 

i 

Types .I, 0, 7. 8 (.^ee Note 8); 1a for all 
containini; eriuipinent; Types 17 and 11/ 
witli plant acid; 2 (I'ray cast irrm); 4a, 
a, c j 

2 (ear bon .steel) above 77’ C (130° 1’) 


Nnic 1. Cnrros-inii ol ninlfriaR by liydrolluoric acid lias l)cen .studied more extensively 
nUU ‘10 to ,V)% !tci(! (rnrJuc/inK the eotis(rtii6 /joi/iuK mixture) than with other eonreutrations. 
Scattered results indicate that llio data fur “-JO to 00%” apiily cfiually well to “tli) to 40%.'' 

Nolr 2. l/.d>oratory cono'-ion data aupplcmcntcd by limited field experionee indicate that 
magnesium is entitled to a Class A ratiriK with A.II.P. at elevated temperatures and with all 
aqueous .solutions at room temperature. In the absence of thorough tcstini; in the field to 
determine the effeet of "incidental conditions,” however, the ratinn for this material is limited 
to Class li except as indicated. 

A’efc 5 . The eoiro-ion rates for Type" 10, 12, 1C. and 17 materials increase rapidly with 
aeration, and with air .saturated .solutions they may chani'c from CIa.ss JJ to Chtss C. Typo 
17 materials arc sensitive to velocity as the concentration (toes over S0%. With anhydrous 
IIF they arc definitely Class C with hiuli velocity slrcainH. Typos 12 and 10 materials are 
not similarly alTected. 

Sole Cray cast iron and low to medium carbon .steel have been used .successfully with 
cold (|0',';, hydrofluoi ie a<id. but usually arc not recommended for U"c with concentrations 
below 80%. Over 80% both arc ncccptablo at room temiioraturc, but at elevated tem- 
peratiiTcs cast iron, incIudiriK 'Pype 4 materials, is aubjcct to icraphitic corrosion. Aa the 
concentration approaches 101)%, the limitiiiK temperature for ateel nppioaches that reported 
for A.n.P., and the tendency towards (p-aiihitic coriosion of cast iron becomes apparent at 
room temperature. 

Intcrsiate Commerce Commission Regulations permit transportation of Krcater than C07o 
HI’ in steel containers previously passivated. (Fee p. 133.) 

Sole ri. Lead ha,s been used with 00% acid up to t.'ic lioilinc point, but the limitinit con- 
centration is about 0.’i%, for uhich the limiting, tempcral ure drops. U"o cautiously at tem- 
peratures above room tcmiK'rature. 

Note 0. Iliph-silicon alloys arc not rerommenderl for use in any pha“c of IIF rorvico, 
e\en thouidi reported corrosion rates imlicate that they can Ire U“ed. The same is tntc lor 
ceramic materi.'ds. All these materials are therefore rafeil Class C. 

A’etc 7 , Incomplete data indicate that Type 13 materials resist porno concentration" of 
Hr veil entiuvh to justify a Chu-s A or a Class 15 ratiuK, but that they are. s-usecpUblc br iplcr- 
rranular corrosion with other concentrations. The limitiriK conditions have not been prop- 
erly defined; hence (iiese materials are not rated for all concentrations. 13a and 13n mre 
dofinitelv Class C with 40 to o0% acid at elevaP-f! tenifK'ratures. 

.Vote ii. These rnatori.ils arc not .superior to carlmn steel in atry phase of HF tcrvico. and 
m'ly Ik- inferior. In [cmlicnhir. Ty/K*- band 7 arc r-eloeity sensitive; and, when n“ed in com- 
hinali'Ui wrili e-irbon -teel in runtart uith nrjucoii- solutions, they may Irccomc anodic to 
i.irlron fteel. Tliey are rale'! th>TeIore Cl.i's (J. 
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Table 6. NITRIC ACID GROUP 
Types of Malenal 

(See p 753 for sub-groups and further details of composition ) 

1. A1 and Al-Base Alloys 10 Nickel 19 SiUer 

2 Iron and Steel U Ni-Cr-Fe Alloy 20 Noble Metals and 

3 High-Si Cast Irons 12 Ni-Cu Allots (>50% Tantalum 

4 IIigh-Ni Cast Irons Ni) 21 Mg and Mg Ba-ss K\- 

5 4 to 10% Chromium Steels 13 Ni-Mo-Fe-(Cr) Allojs lo>s 

6 Stainless Steels 14 Ni-Cr-Cu-Mo Alloy 22 Ceramic Material 

(Martensitic) 15 Ni-Si Alloy 23 Carbon and Graphite 

7 Stainless Steels (Ferritic) 16 Cu-Ni Allojs (>50% 24 Plastics 

8 Stainless Steels (Austenitic) Cu) 25 Rubber and Sjntheiic 

9 Special Fe-Cr-Ni Alloys 17 Cu and Cu-Base Alloys Elastomers 

(Auatemtic) 18 Lead 


Nitric Acid 
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Up to O.o'J 


Cla's B Materials 

(See definition of Cla^s B materials on p. 749. Other materials in common use 
arc IWcd under Cla'S A materials.) 

IVeipht — — — 

.\t Room Temperature Up to Intermediate Up to Boilinp Point at 
Onlv (up to 30° C, 85° I') Temperature Indicated Indicated Concentration 


1a, n, c, I), r Gc up to 50° C (120° P); Ga, n 

2 In, I) up to 100° C 
(210° F): 21e up to G5°C 
(150° F); 25\-2 up to 
G5° C (150° F) 


0.5 to 20% 8c, 1 ) if over O.lO'/ocarlion, Gi, n up to 70° C (1G0° F) ; 

9c; 25\-2 Gc up to 50° C G20°F), 

23c, D (0.5 to 10%) up to 
85° C (185° F): 24e up to 
50° C (120° F) 


20 to 10% 01 . n; 8c. n if ovei 0.10% 
e.uhon; 9e; 2li. 


•10 to 70% 


70 to 80%, 


80 to 95' , 


Uier 95% 


'/c B^ 
Weiplit 



7a, n; 8i, a; 9\, ii 


Clas-, C Matcrial.s 

(Matoriids not ordinarily considered suitable.) 


Alravo Indicated Tcmperaturc.s 


At All Temperatures 


Up to O.G**, .\11 Types lo; 2; 4; 5; 10; 12; 13a, n; 1a, n, c, d, r above 30° C (85° F); Oc 
15; 10; 17; IS; 10 .ibovc 50° C (120° F); 8c, d if over 

0.10% carbon and 9c above 30° C (85° 
F); 231, n, c, d above 8.5° C (185° F) 


0 5 to 20%- \11 Types 1, 2. 4, 5. 10, 12, 13i, n, 15, Gi, n above 70° C (100° F); Gc above 
IG, 17, 18, 19, 21, 23 (above 10%). 50° C (120° F); 8c, o if over 0.10%. 
25i-i, 25ti-l, 25c-l, and 25e, r e.arbon and 9c above 30° C (85° F); 23a, 

u.c. D (0.5 to 10%)aboveS5°C (lfa5°F); 

21i, n. c. », E above .50° C (120° F) 


20 to 40S; Ml Type- 1; 2; 4; .5; Gc; 10; 12; 13i. n; Oa, n alxivc 70° C (100° F); 8c, d if over 
15; IG; 17; 18; 19; 21; 23; 2 In, c, d and 0.10% cadion and 9c above 30° C (85° 
2.5 materials F;; 2 1 1 above 50° C (120° F) ; 24e above 

30° C (85° F) 
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Table 6. NITRIC ACID GROUP ~'Con/inu«I 


Nmuc Acid 


% B> 

M eight 

Class C MatenaU ~ CojUxnued 
(Materials not ordinarily considered suitable ) 

At All Temperatures 

Above Indicated Temperatures 

40 to 70% 

All Types 1,2, 4 5,6c. 9c.lO,12,13a.B 
15, 16, 17, 18. 19.21.23,24B,c.i»,Eand 
25 materials. Sc, n if oii’cr 0 10% carbon 

6i. B abox-e 70*C (160*10; 7a aboxe 
90* C (195* F) , 24x above 30* C (85* F) 

70 to 80% 

All Types lo, 2.4. a. 0. 9 c,10.12,13a, b. 
15. 16. 17, 18, 19.21.23.24b,c D.Eaod 
25 matenaU, Sc, n if oxer 0 10% carbon 

Ia, b. c. e. r abox-e 30* C (S5* F), 7a 
aboxe 90* C (195* F) 

SO to 95% 

All Types Ic, 2. 4. 5.6 9c 10. )2.13 a. b 
15. 16. 17, 18. 19, 21 23 24b, c. d. e and 
23 materials, 8c, n if oxer 0 10% carbon 

li. B, c. E T (80 to 90%) aboxe CO* C 
(140* F). 7 a above 50* C (120* F). 7 b. 
B c DandOa B above 70* C (100* F) 

0\er 95% 

All Types la. 2, 4, 5. 6. 9c. 10. 12. 13x 
B. 15. 16. 17. 18. 19. 21. 23. 24b. c. d and 
25 materials, 8c, d if oxer 0 10%carbon 

7x, B, 8x. B and 9x, b above 30*C 
(S5* F), Sc, D aboxe 50" C (120* F) 


Mixed Acids — Nitilmixc Acids 


Mtslvru of nW7-t£ and tulfurv and, mtb or mthout wat«r Ratios and concestrations oit) 
var> o%er the complete range of HN'Or^ITjSOf— HjO. from water-free mixtures of the strong 
acids to dilute mixtures containing approximately 0 total acidity The tabic bcloa u 
based on scattered information about *peci£c combinations and u obviously incomplete ■ 
It points out the general (act that the corrosiiat) changes as the ratio or total acidit> changes 
but It does not take into consideration the fact that acidity may change as a result of absorp- 
tion of water from the air or the ratio change as a result of chemical reactions ini ohing one or 
both acids 
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Txaun G. XITniC ACID GIIOUP — Con/inu^/ 


Mixf.i) Acids — NirnATiN’<> Acii>-^ — Ctnilinuid 



Composition of | 
Mixed Acids (See 
Note 1) 

Cla.s3 A and /or B Matcri.als 

Class C Materials 


% IIXOj 


.‘^ce Note 2, below, for materials 
which arc Class A or B for all 

combinations 

See Xotc 3, bcloAV, for materials 
AAhicli aic Class C wdth all com- 
binations 

7 

2 

91 


1a, 11, c, D. i:, F, q; 2 (eray cast 
iron) ; 0; 7 

s 

2 

98 

2; 7n: 8 a, n, c, n; 9 a, ii 

1a, n, c, D, K, K, g; 2 (gray cast 
iion) ; 0; 7 

9 

9 

75 

2; 8a, n. c, n; O.v. n 

1a, d, c, d, e, r, o; 2 (gray cast 
iron) ; G : 7 

10 

33}, ^ 

3!j.t 

7a, ii; Sa, n, c, n; 9 a. ii 

1 A, ri. c, n, r., f, g; 2; G 

11 

25 

5') 

On 

1 A. n, D, E. F, o; 2; 0: 7; 8a, c, d 

12 I 

20 1 

GO 

fin 

1 A, n, c, D, I.. F, ti; 2; G; 7; Sa, c, d 

13 

15 

35 

7a, n; Sa, n. c. d; 9a. n 

1 A, n c, 1 ). E, F, o; 2; G 

M 

1 

22 

9n 

1 A. 11 , c, I). E, F, (i; 2; G; 7; 8 

15 

1 

50 

9u 

1 A, II. c. i>, F.. 1 . o; 2: G: 7; 8 

10 

0..5 

50 

On 

1 A, 11, c, I), E, F, o; 2: 0; 7; 8 

17 

G 

8 

8a, I), c, d; 9\, 11 

1 A, 11, c, D, E, F, o; 2; 0: 7 

18 

3 

7 

Sa. n, c. d; 9a. ii 

l.A, 11. e. D, E, p, o; 2; G; 7 

19 

O 

2.5 

8 A, IS, c, i>; 9 a, 11 

1 A. 11, c, I), E, F, o; 2; 0; 7 

20 

0 


Sii; 9a, 11 

1 A. 11, c, n, E, F, 0 : 2; 0; 7 

21 

2 


9n 

l.A, n. c, n, E, r, a; 2; 0; 7 

22 

1 

■bhi 

8a. 11 , c. d; 9a, n 

lA, V, c, I), E, p, o; 2; 0; 7 

23 

<1 

<1 

1a, n. c, n. r; 7ii; 9ii 


21 

85 

o 

1a, 13, C. E, f; 9a. 13 

1 



Ncitr 1. In linos 1 Ut 9, inoUisivc, in the above table arc lisle 1 mixtures which contain more 
than oOCc sulfurie noitl and less than 20% uatcr, with which Typos, 2, G, 7. 8, and 9 materials 
are Rcncrally useful. Like stronK sulfuric acid, these niixtiircs absorb water fiom the air or 
from chemicals uith which they react. Eriuipmcnt exposed to both tho original stroiiR acid.s 
and to tho rcsultinR weak acids should be made of material resistant to all .strengths that will 
bo encountered. 

Note 2. The ratinas in the above table are based in part on daboratory data xvliich li.avc 
not in all cases Ix-on confirmed in tho field. For that reason, no attempt has boon made to 
.assign limiting temperatures or dr.aw a definite lino liotwoon Cl.ass A .and Class B materials. 
Typo 3 matoriids are Cla«s B with all combinations up to the boilinc point, and may be defi- 
nitely Clas 9 A with some combinations. Materials 20a, l), c and 22a, n, c arc Class A with 
all combinations. Amonc tho other materials rated Cla'S A or B, Types 0, 7, and S should 
1 k' used with considerable caution with sironc acids l)ccausc of the abruptness with wliich 
they chaiiceJoClass C on dilution of tho mixed acids with nater;and they should also be used 
cautiously nath mixtures containini; more than 20% water, especially at elevated temperatures. 

AoVd. -Ml T\^» 1 materials are Cl.xos C with alt combinations except as indicated on tho 
list two linos. Type 2 materials arc Cl.ass C with all combinations except as indicated on the 
first nine lines; and with fhese.Rray cast iron should probably t>c Class C Iwaause of a tendonej- 
tow.ord intcrcramilar oxidation and consequent bre ikaae. Type- -1, 10, 12. 1,3a, n, 10, 17 

IS, and 19 materials are Class C with all combinations. 
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Table 7. SULFURIC ACID GROUP 


A1 and Al-Base Alloys 
Iron and Steel 
High-Si Cast Irons 
High-Ni Cast Irons 
4 to 10% Chromium Steels 
Stainless Steels 
(Martensitic) 

Stamless Steels (Femtic) 
Stainless Steels (Austemtic) 
Special Fe-Cr-Ni Alloys 
(Austenitic) 


10 Nickel 

11 Ni-Cr-Fe Alloy 

12. Ni-Cu Alloys (>S0% 

Ni) 

13 Ni*Mo-Fe-(Cr) Alloy’s 

14 Ni-Cr-Cii-Mo Alloy 

15 Ni-Si Alloy 

16 Cu-N» Alloys (>50% Cu) 

17 Cu and Cu-Base AUoj-s 

18 Lead 

ScLTUHic Acid 


Silver 

20 Noble Metals and 
Tantalum 

21 MgandMg'Base Ulojs 

22 Ceramic Matcriab 

23 Carbon and Graphite 

24 Plastics 

25 Rubber and Synthetic 
F.lastomers 


Types of Malerial 

(See p 753 for sub-groups and further details of composition ) 
19 


% By 

Class A Materials 

(See definition of Class A Materials on p 74b ) 

W eight 

At Room Temperature 
Only (up to 30" C, 83* F) 

Up to Intermediate 
Temperature Indicated 

Up to Boiling Point at 
Indicated Concentration 

Up to 

0 25% 

8a, c, d, U 

3a, 13c, 15 up to SO* C 
(175* F); Ss up to 50* C 
(120* F), 18c up to 95* C 
(205* F), 24a, c up to 50* 
C (120* F), 2lB. P up to 
100* C (210* F): 24e and 
25a-2, c-2 up to 65* C 
(150* F) 

{b 9a, b c, 13v, b, Ha 
IbA, B 19 20a, s, c, 22a, 
D. c, 23 a. b c, d 



3, 9a. b, c, 13c, 15 up to 

80* C (175* F). ISc up to 

95* C (205* F). 24a. cup 

to 50* C (120* F). 24n, d 

up to 100* C (210* F) , 24 e 

and 25 a-2, c -2 up to 05* C 

(150* F) 

3n, 13a, a, 14a lbs, 8> 

19, 20a, b, c, 22a, s, c> 

23 s, B, c, o 

5 to 10% 

13a 

3s, 13c, 15 up to 80’ C 

(175* F), 9a, b, c up to 

>0*C (120* F). 18c up to 

95*C (203* F). 21a. c up 

to 60* C (120* F). 24 d. d 

up to 100* C (210* F) , 24 f 

and 25A''1. a-2. B-l, b-s 

c-l. 0-2, D. and e up to 

55* C (IS*)* F) 

3n, 13 b, 14a, ISa, b, 19. 

20a, b, c, 22a, b, c, 23a, 

C, D 

10 to 25% 

13a 

3a, 13c. 18 up to 60* C 

(175* F), 9a, b, c up to 

50* C (120* F), 18c up to 

95* C (205* F); 21a, c up 

to 50*C (120* F); 21 b d 

up to 100*Ct210*r).24E 

snd 25a-I. a-2, d- 1 , b-2, 

c-l, c- 2 , o, and e up to 

65* C (150* F) 

3d: 13b, I4a. ISa. b, 19. 
20a, d, c; 22a, b, c ; 23a. 
C, D 
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Tadle 7. SULFURIC ACID GROUP — Condni/ou’ 



Oa, II. c; 13a, c: 2 Id. e; _’.>A 3\; 14a up to S0° C 3n; 15; 20 a, u, c; 22a, ii, 
- 1 , a-2, i)-J, d-2, c - 1 , c- 2 , (175° F); 13u up to 95° C c; 23a 
u, E (205° F): 18a, b up to 

120° C (250° F): 19 up to 
<0°C (100° F); 23c, u up 
to 135° C (275° F); 24a, 
u. c up to 50° C (120° F) 

9a, b, c; 13a, c; 24d, e 13n up to 80° C (175° F); 3a, n; 15; 20a, n, c; 22a, 
14a up to 00° C (140° F) ; n, c; 23a 
18a, II up to 120° C 
(250° F) ; 2.3c, D up to 
135° C '(275° F): 2U, B, c 
up to 50° C (120° F) 

9a, n, c; 13\; 21n 13b up to 80° C (17.5° F); 3a, b; 15; 22a. b, c; 23a 

I3c up to 05° C (150° F): 

ILv up to 00° C (140° F): 

ISa, II (75 to &05o) up to 
120° C (250° F); 23c, Blip 
to 80° C (175° F) 

II, c. d; 13\, B, c with )a, b, c up to 50° C 3\, b; 22a, B. c; 23a 
90'; (120° F): 14a up to 00° C 

(140° F); 15 up to 1.50° C 
(300° 1°) 

B, c. d; 9a, b, c; M a up 
to 00° C (140°!'): 23 a up 
to 115';;' up to 70° c 
(100° F) 


50 to 00', 


00 to 75' , 


75 to 9.5'r( 


95 to 10')'', 


0\rr lO'l''; 
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Table 7. SULFURIC ACID GROUP — Conlxnued 


ScLrauc Acid 


% By 
eight 

Class B Materials 

(See definition of Class B Materials on p 749 Other materials in common 
are listed under Class A MateriaU ) 

At Roorn Temperature 
Only (up to SO” C. 85“ F) 

Up to lotcrincdiatc 
Temperature Indicated 

Up to Boihog Point at 
Indicated Concentration 

Up to 

0 23% 

1a, b, c, e, f 

1a, b, c, Sa, c, d up to 
50*C (120“^. (See Gen- 
eral Note, p 782, appljung 
to TiT>es 10, 12, 1C and 17 
roateriais) , 24 e and 25 a-2 
0-2 up to 80* C (175* F) 

3a, Sd. 11, 13c, 15, 2lD 
C, D •“ 



8b up to 50* C (120* F), 
24e and 25 a-2, c- 3 up to 
80“ C (175* F) (See Gen- 
eral Note apphang to 
Typw 10* 12 10 and 17 
matenaU, p 782) 

3a! 9a, 0 , c, 13c, 15, 21b, 
c, D 

6 to 10 % 

4a. d. c, SB. 11 

9a. b. c up to SO* C 
(175* F). (See General 
Vote applying to Tj^pe- 
10 12 10 and 17 mate- 
rials, p 782).24EaDdTj'pc 
23 matcnaU up to SO* C 
(175* F) 

3a 13a c 13 i3B 24 b 

C, D 

10 to 23% 

4a. b, c 

9a, b c up to 80* C 
(175® F). 24b c d up to 
125® C (260* F) . 24e and 
TjT>e 25 materials up to 
S5*C (175® F) (See Gen- 
eral Vote appl>^nK to 
Types 10. 12, 16, and 17 
materials, p 782) 

L3a, c, 15, 2^b 

25 to 50% 


9a, b c up to 60* C 
(HOT), 13 a up to 70* C 
(160* F), 13c up to 95“ C 
(205* F), (Sec General 
Vote appUme to TiT®' 
10, 12, 16 and 17 mate- 
rials, p 782). 24b, c up to 
125* C (200* F). 24 e and 
Fj-pc 25 materials up to 
^0“ C (175* F) 

14a (35 to 50%), 15 






Table 7. SULFURIC ACID GROUP — ConaViBcd 


SuLFuntc Acin 


By 

Wciglil 

Clas"! B Material -' ■ — Cotitinucd 

(See definition of Class B Materials on p. 7-50. Other materials in common use 
are listed under Cla'S A Materials.) 

At Room Temperature 
Only (up to 30° C, 85° F) 

Up to Infcrnipciijitc 

T cm pern t uro I j i cH ca f c tl 

Up to BoiliiiK Point at 
Indicated Concentration 

5tl to 00% 


Ja, b, c up to 00° C 
(1-10° F); 1.3.A, c up to 
70° C (100° F); 13u up to 
120° C (250° F); Ma up to 
100° C (210° F) ; (See Gen- 
eral Note api>l.\’>nK to 
Types 10, 12, 10. and 17 
material-;, p. 7S2) ; 2-ln. c 
up to 100° C ( 210 ° F); 2 In 
and Type 25 materials up 
loS0°C (17.5°F) 

15 

GO to 75% 

2 above 05%; 4a. u, c 

9a, n, c up to 00° C 
(140° F); 13a, c up to 
70° C (100° F); 13n up to 
120° C (2.50° F) ; M.t. up to 
90° C (195° F); (.==00 Gen- 
eral Note applyiJip to 
Tjtjcs 10, 12, 10, nnd 17 
materials, p. 7S3) ; 24n, c 
up to 100° C (210° F) ; 24 b 
up to 80° C( 175° F) 


75 to 05% 

8t, c. d; 11 with 03%; 
ISA, I) (SO to 95%); 2-U 

2 (steel) up to 00° C 
(140° F)*; 2 (pray cast 
iron) and 4a, n, c up to 
70° C (100° F): Sn; Oa, c 
up to .50° C (120° F); On 
up to S0°C ( 175 ° F); 13a, 
n, c up to 70° C (100° F) ; 
l lA up to 90° C (105° F); 
1,S\. B (7.5 to .S0%) up to 
200° C (390° F) 


05 to 100% 


2 (steel) up to 80° C 
(175° F); 2 (pray cast 
iron) and 4a, b, c up to 
100° C (210° F); Sa, b, c, 
d; 9a. c up to 80° C 
(175° F); 9n up to 100° C 
(210° F); 13 \, n. c (with 
90%) up to70°C (100°F); 
14a up to 90’ C (19.5° F) 


Over 100% 

1a. b, c, e, r 

2 (steel only) up to 100° C 
f320°r) and only with 
acid of stronpth over 
101%; Sa, b, c. d; 9a, b, 
c up to 200° C (390° 10 ; 
14a up to 90° C fl9.5° F) 



* See !i<terFk footnote on p. 7''2. 












10 to 257e 

\1I I, 2, 5, 6, 7, 8, 17c, aod 21 

materials 

1a, b, c abo%e 30* C (So* F) 9<. b c 
aboi-e 80* C (175* F) 11 at bp 2U 
ibo\e 50* C (120* F) 24 e and T>-pe 25 
materials above 80* C (175* F) 

25 to 509c 

•Ul Types 1. 2, 4. 5, 0. 7. 8. 170. 21 and 
23 b matenali 

Da B c above CO* C (140* F) 13v c 
above Do* C (205* F) Hs above 120* C 
(250* F) 23c. D above 135* C (275* F) 
24i above 50* C (120* F). 24 d above 
100* C (210* F). 24 e and Tj-pe 25 ma- 
(enals above 60* C (175* F) 

50 to 60‘^c 

All Types 1, 2. 4. 5, 6. 7, 8. 17o. 21. and 
23 b materials 

9a. b c above CO* C (140* F), 13v C 
above 95® C {235* F), 23c, D above 
135* C (275® F). 24 V above 50* C 
(120* F), 24n. c above 100* C (210* F), 
24i> above 30* C (So* F), 21e and T>pc 
25 materials above SO* C (175* F) 

60 to 759c 

\\1 Tj-pe* 1, 5. G, 7. 8. 17c. 21, 23 b. and 
25 materials, Types 2 and 4 material^ 
below 639e 

2, 4v s c above 30* C (65* I") (C5 to 
75%). 9v, B c above GO* C (140* F), 
I3i. c above 95® C (205* F) , 13n at b p 
14a above 90* C (195* F); 23c. n alwve 
135* C (275* F); 24 1 above 50* C 
(120* F) 2ta c above 100* C (210* F) 
24o above 30* C (65* F). 21 e alio'e 
60* C (ITS* F) 

75 to 95% 

All Types 1: 5t. Of, 7t, 10. 12. 16. 17. 
21. 23 b, 24c, D, E and 25 materials 

2 (steel) al>ove CO" C (140* F). 2 (cray 
cast iron) and 4a, b, c above 70*C 
(1C0*F) Sb.Ov cabovc50*C(120*F) 
9 b above 80* C (175* F). 13 a. B, c aliove 
95* C (205* n: Ua above 90* C 
(195* F). 23c, D alwve 80* C (175* F), 
21 a. b abov e 30* C (85* F) 
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Table 7. SULFURIC ACID GROUP — Continued 

SLTi,n;iuc Acin — Conlimted 

Class C Materials — Continued 

‘^e Ry Materials not ordinarily considered suitable. 

Weight T 

.At All Temperatures Above Indicated Tenipcrature.s 

05 to 100% All Types 1; Sf; Gf; Tf: 10; 12; 10:2 (.steel) .above 80° C (175'’ F): 2 (gray 

17; 21; 23n, c, d; 24; and 25 materials cast iron) and 4a, n, c above 100° C 

(210° F); Sa, n, c. n; Oa, c above 80° C 
(175° F); On .above 100° C (210° F); 
13a, n at b.p.; 13c above 95° C (205° F) : 
14a above 00° C (195° F) 

Over .All Type 1 materials e.xcept n.s indic.atcd 2 (.steel) above 100° C (320° F) with 

100% under Cla-ss B materials at room tern- acid over 101%; Sa, n, c, n; 9 a, n, c 

per.ature; 2 (pr.ay ca.st iron); all Types above 200° C (390° F) 

5t: Gt: 7t: lO; 12; 13a, n, c; 10; 17; 21 ; 

23n, c, n; 24; and 25 materials; Type 2 
with acid between 100% and 101% 

Acid Salt.s or Stn.Funic Acid 
Non-oxidizing Salts 

Ahiniimim iiof.assium sulfate Aqueous .solutions of these .sull-s are acid and behave towards 

Aluminum sodium sulfate metals as do dilute solutions of .sulfuric acid (loss than 10%), 

Aluminum .sulfate with the following exception; crystallization, followed by ro- 

Chromium pota.ssium sulfate tention of mother liquor beneath crystals on a metal surface 

Ferrous sulfate may cause pitting of Typo 0, 7, 8, 9, and 14 materials, especially 

Iron potassium sulfate when this is accompanied by changes in tho concentration of 

Niekcl ammonium .sulfate free acid. 

Nickel •■.ulfato . , . 

.Sodium bisulfate Materials which are Cla.s.s A rWth sulfuric acid .solutions of 

.8tannous hisulfato equivalent acidity will bo Class A with solutions of these salts. 

Titanium .sulfate subject to the exception noted above. Materials which are 

Zinc sulfate Class B with .Mdfuric acid solutions of equivalent acidity may 

bo Class A ndth solutions of those s.alts (again .subject to tlic 
exception noted above) but will usually bo Cla-ss B. When tho 
salts are being u.‘-ed in electroplating operations, processing of 
p.aper and textiles, or for other applications which do not 
tolerate contamination with tho respective metal salts, mate- 
rials which arc norm.ally Class B may boeome Class C. 

t See dagger footnote on p. 782. 
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T^le 7 SULFURIC ACID GROUP — Confmucd 
Acid Salts op Sducric Acid 
Oxidizing Salts 

Aqueous solutions of these salts are acid but in contact «ith 
most metallic matenob the> do not betmo as do solutions 
of equivalent acidity winch contain sulfuric acid alone As a 
general rule the presence of tbc«e salts m solutions containing 
sulfuric acid accelerates the corrosion of Tj-pes 2 and 4 mate- 
rials and of man) non ferrous materials As a consequence 
Tj-pcs 1 24 12 13 1 B IG and 17 materials are Class C 
mth such solutions at anj temperature 

As a general rule also the presence of these salts in «olutions 
containing free sulfuiic acid inhibits the action of the acid on 
maienaJs rich in chromium provided that the concentratua 
of the oxidizmg salt is ulxive some critical minimum value 
nbicli vanes with the concentration of free acid percentage 
of alluvcd chromium solution compositiuu tem|>criiture etc 
(Sec Fig 1 p 1G2 ) If the conce itratioti of oxidizing suit u 
below the critical minimum value the effect u to accelerate 
the corro ion of these materials al o Assuming a 'mffi le iil> 
high coiicentratton of the oxidizing salt T>i cs 0 and 7 niite- 
riaU are usually Class A with such «olutioiis at room temper i 
ture and T>'pes 8 9 11 13c and H materials arc Cla s V 
up to substantially higher temperatures he limiting val le 
for which depends upon the other variables In gc eral 
halogen ions should be absent T>‘pc3 3 13 18 20 3’ and 
23 materials arc Class A witb all concentrations at all temper 
atures 

•Interstate Commerce Comniis.'ion Regulations permit shipment of sulfuric acid in ttetl 
containers if the concentration is 05* Batunc (89%) or over or when the concentration of acid 
IS 60“ to 6o“ Baumc (“D to 89%) and an inhibitor is added which reduces the rate of attack to 
at least that of CO* Baum5 (93%) commercial acid 

t Tj-pes 5 0 and 7 materials are no better than Type 2 materials and may thange from 
Class A or B to Class C more rapidlj as a result of incidental conditions Tliej arc there- 
fore rated Class C for all concentrations and temperatures 

General \ole Tj-pes 10 12 10 and 17 materials re bt corrosion by sulfuric acid over a 
wide range of concentrations and temporaturea to a degree which vanes from apparent Class 
A in the total jK-^nce of air or other oxidizing agents through Class B and pos^iI Ij Class C 
with highly aerated more concentrated "olutious Since aeration is more controlling thm 
temperature no attempt has lieeii made to a.«^gn temperature limits Under non-oxi i zmfi 
conditions the limiting temrieratiire is probal 1> not below 100* C (210* I*) for concentration! 
up to 50% Above 50% the limiting temperature drops rapidlj Materials 17 e and Ur 
are in general considered to be luferi >r to the others with the corrosion resutance decreasirg 
as the zinc content increases 


Copper sulfate 
Feme “ulfaic 
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Table S. PHOSPHORIC ACID GROUP 
Tj/pe^ of Material 

(See p. 753 for sub-groups and further details of composition.) 


1. A1 and AI-Ba^o Alloys 

2. Iron and Steel 

3. High-Si Cast Irons 
•!. High-Ni Cast Irons 

5 -1 to 10% Chromium Steels 
0. Stainless Steels 
(Marten'itie) 

7. Stainlc". Steels (Ferritic) 

8. Stainless Steels (Austenitic) 

9. Special Fc-Cr-lsi Alloys 
(Austenitic) 


10. Nickel 

11. Ni-Cr-Fo Alloy 

12. Ni-Cu Alloys (>o07o 
Ni) 

13. Ni-Mo-Fc-(Cr) Alloys 
1-1. Ki-Cr-Cu-Mo .Uloy 
15. Xi-Si Alloy 

IG. Cu-XiAlloy.s (>50%, 
Cu) 

17. Cu and Cu-Basc Alloys 
IS. Load 

ORTiiopiiospnonic Acid* 


19. .Silver 

20. Noble Mcl.als and 
Tantalum 

21. Mgand Mg-Baso Alloys 

22. Ceramic Materials 

23. Carbon and Graphite 
21. Plastics 

25. Rubber and Synthetic 
Elastomers 


Class A Materials 

c' Ry (Sec definition of Cl.iss A niatoriaks on ]>. 74S ) 

M eight Room Temperature Up to Intermediate Up to Boiling Point at 

Only (up to 30° C, 85° F) Tcmperalm-e Indicated Indicated Coneontration 

L'p to 57o S'-, c, d; 11 13a up to 70° C (1C0° F); .It, u; Sii; 9\, b, c; 13n, c; 

1S\, n, c up to 95° C 14\: 15: 19; 20a, B, c; 22a. 
(205° F): 24a up to 50° C n, c; 23 1 , n, c, d 
(120° F): 24b, d up to 
100° C (210° F): 24e, 

25a-1, a-2, c-1, c-2, », 
and E up to 05° C (1.50° F, 

5 to 25% 11 . 13a up to 70° C (1G0° F): it. ii; 8n: 9t, n, c; 13b, c; 

ISa, Ii. c up to 95° C 14a; 15; 19; 20a, n, c; 22t, 
(205° F); 21a up to 50° C n, c; 23a, b, c, d 
(120° F); 21b. u up to 
100° C (210° F); 2jE, 

25v-l, a-2, c-1, c-2, d, 
ind E up to G5° C (1.50° F) 

25 to 50% 11 ; 13': In ■'t’ "P to ‘.'o' C (205° F) . Ia, n; 9a, n, c; 13b, c; 2’'a. 

14 up to 85° C (l.'i5°F).B, c:22a, 11 , c:2.3a, B, c, D 

18a, b, c up to 95° C 

(20.5° F) ; 19 up to 120° C 

(250° F); 21<. up to .50° C 

(120° F); 21b. d up to 

100° C (210° F) ; 24e, 

25a-1, a-2. c-1, c-2, d, 

ind E up to 05° C (150° F) 

i') to .V5% 8n: 13a. c; 15; 20a 14 1 up to 85° C (185° F) ; 3t, ii; 9a. b, c; 13n; 20n, 

18k. n, c up to 95° C c; 22 a, b, c; 23a, b, c, d 

(20.5°!'); 10 up to 120° C 

(250° F); 2U up to 50° C 

(120°F);21nup to 100° C 

(210° F); 21c, D up to 

.50° C (120° 1°); 2 In, 

25\-l, A-2, c-1, c-2. n. 

and E up to 65° C (150° F) 

* So.. General Note under Cla^s C materials, p. 78G. 
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Taule 8. PHOSPHORIC ACID GROUI’— Co(l^!^I^a; 


OnTiiopiiobnioiHC Acid 


%By 

Weight 

Cl:is-> C Materials 

(Materials not ordinarily considered suitable.) 

At All Temiicratiires 

Above Indicated Temperatures 

Up to 5% 

All Types 1, 2, 5, 0, 7, 17g, and 21 ma- 
terials 

-1a, n, c; Sa above 30° C (85° F); Sc, d 
above G0°C (1!0°F); 10 above 30° C 
tS5°F); 11 above G5° C (150° F); 12 
above 70° C (1G0° F); Type.s IG and 17 
materials above 00° C (1-10° F) ; 2‘1a 
above 50° C (120° F); 24n, v above 
125° C (255° F): 2-lc above 100° C 
(210° F); 21e; 25.a-i, a-2, c-i, c-2. n, 
and B above S0° C (175° F) 

6 to 257o 

All Type.s 1, 2, «1, 5, G, 7, 17c, and 21 
material; Sa (W to 25%) 

Sa (5 to 10%) above 30° C (S5° F) ; Sc, d 
ibovo G0° C (1-10° F) ; 1 1 , 12 above 90° C 
(200° F); Types 1C and 17 materials 
above G0° C (1-10° F); 24a above 50° 0 
(120° F); 21i), D above 125° C (255° F) ; 
21c above 100° C (210° F); 24e; 25a-i, 
A-2, c-1, C-2, D, and n above S0° C 
(175° F) 

23 to 507c 

AH Types 1, 2. -1, 5, 0. 7, Sa. 17o, and 21 
materitils 

Sc, D above 30° C (85° F); 11, 12 above 
90° C (200° 10 ; Types IG and 17 ma- 
terials above G0° C (140° F); 24a above 
50° C (120° F); 2-1b. v above 125° C 
(255° F); 24c above 100° C (210° F); 
24e; 25a-1, a-2, c-1, c-2, d, and e 
above 80° C (175° F) 

50 to 8o7c 

i 

1 

All Typesl;2{;-1:5: G;7;Sa, c, d; 17o; 
and 21 materials 

Sn above 120° C (250° F); 11, 12 above 
90° C (200° F): 14 a .above 180° C 
(355° F): 15 above 05° C (1.50° F); 
Types 10 and 17 materials above 00° C 
(140° F); 18a, n above 205° C (400° F); 
18c above 120° C (250° F); 24a above 
50° C (120° F): 21n, v above 125° C 
(255° F): 2Ic above 100° C (210° F); 
24e; 25a-i. a-2, c-1, c-2, D, and e 
above 80° C (17.5° F) 

sr. to loo^c 


20a at 145° C (293° F); 21e: 25a-I, A-2, 
c-l, r-2. n. and e above 39° C (85° I") 


Oxinin PnoM’iioiuc Acids 


Mofaphosphoric acid 

Occiir.^ iionnnlly as a cry.''t;i!!ine solid. Aqueovi-' solutions toad to con- 
\crt to orthoj>ho-'phorio ncid, c^’pecially at tonipcnitiircs over 100® C 
(1!I0® T). Kcr-omiiionda ions for orthopho-piioric acid apply al^-o to 
acpicou-s soUitiou- of mctapho~phori^ acifl. 

Pvaopho-phoric acid j 

More corro-ivc than ortlio- and meta-pho-pboric acids. 21e, 25a-1. 
A--, c-1, c-2, D. and i: arc Cla^s li uji to 05° C (150° F). 


J See fiiolnoto, p. ?!>•!. 
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Table 8 PHOSPHORIC ACID GROUP— Con/wtied 


Other Pmosrboric Acids — C onfinuci 


Tetrapbo’phoric acid 

Most corrosite of the commercial!} as ailable phosphoric acids 


Cla^s A Materials 

Class B Materials 

Class C Materials 


OB up to 60” C 
(140° F> 9a b up to 
120* C (2o0* F) 11 up 
to 120" C (»o0* 1 ) 13c 
up to IbO* C (3oo* F) 
14 up to 1 >0” C 
t2o0* F> 15 up to 
60 C (140* F) ‘>>A B 
c up to IbD* C 
(35o° F) 23a BCD 
up to 60* C (140* F) 
24b up to 60* C 
U40 D 

3a b up to 60' C 
(140* F) 4a B c up 
M> 60*C (140* F) Sa' 
C D at room temp 8 b 
up to 120* C l2o0* D ! 
9a b up to 180" C 
(3ao® F) 10 at room 
iterap 11 up to 180* C 
(3oa* F) 12 up to 
60° C 140* F> 14 up 
to 120 C (2o0° F) 15 
up to 120* C (2oO*F) 
all T>pe3 10 and 1“ 
(except 17c) up to 
00* C (140* F) 

All materials listed la 
Table A abo\e 240* C 
(4Bo* F) All 1 2 5 

6 7 1-0 and 21 at 
all concentrations and 
enipcratures 3a b at 
I‘’0*C (2oO*F) 4.1 B 
c at 120* C (■'o0*F) 
c D above 30*C 
(So*F) 8b at ISO'C 
(3oo* F) 10 at CO* C 
(140* F) 12atI’0*C 
(2a0* F) 14 at 18)* C 
(350* F) all Types 16 
and 17 at 120* C 
(250* F) 18a b c at 
60* C (140* F) 

Monobasic or dthj 
drogen 

Ammonium pho«- 
pbate 

Potassium phos 
pbate 

Sodium phosphate 

Aqueous solution of the c «alt> behaie like dilute solutions of ortho- 
pho phoi IP »cid U 0 recommendations for orthopho phone acid up 
to o'^ 


Genn-al Aoie Tj-pes 3 Sa c D 20a and 2*’ materials not recommended for u*e wiih 
crude acid coataming appreciable amouDts of h>drofluoric acid 
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Table 9. MISCELLANEOUS ACIDS AND ACID-FORMING GASES 

Ti/Pf^ *>/ Material ^ 

(See p. 753 for sub-groups and further details of composition.) 


A1 and Al-Ba=e Alloys 

Iron and Stool 

Ilich-Si Cast Irons 

Higli-Ni Cast Irons 

•1 to 10% Chromium Steels 

St.ainlcss Steels 

(Martensitic) 

Stainless Stools (Ferritic) 
Stainless SteoLs (Austenitic) 
Special Fc-Cr-Ki Alloys 


10. Nickel 

11. Ni-Cr-Fc Alloy 

12. Ni-Cu Alloys (>50% 
Ni) 

13. Ni-Mo-Fe-(Cr) Alloys 

14. Ni-Cr-Cu-Mo Alloy 

15. Ni-Si Alloy 

IG. Cu-Ni Alloys 050% 
Cu) 

17. Cu aird Cu-Basc Alloys 


19. Silver 

20. Noble Metals and 
Tantalum 

21. Mgaiid Mg-BasoAlloj’s 

22. Cciarnic Materials 

23. Caibon and Graphite 

24. Plastics 

25. Rubber and Syuthetic 
Elastomers 


(Austenitic) 

IS. Lead 



Clictnic.al 

Class A Materials 

Cl.'iss B Mateiials 

Class C Materials 

Benzoic Acid 

As anhydrous vapors 
and as alcoholic or 
aqueous solution. Un- 
less otherndse specified, 
ratings apply to all 
inatcrial.s up to 100° C 
(210° F). 

1a, 11, c, E, I'S; Kn; 9a, 
n; 11; 13c: Ma; 19; 
20a. II, c; 22a, d, c; 10 
with vapors only. 12 
with solutions only. 

Typo 2 materials with 
anhydroub xnipors. 3a, 
n; 4a, u, c; 10a, n, c; 
17a. b, c. I). 

Type 2 materials xvith 
solutions. All Class B 
materials ivith prod- 
ucts which cannot tol- 
erate contamination 
with corresponding 
metal salts, 

Boric Acid 

.Ml concentrations of 
aqueous .solutions up to 
boiling point unlo.ss 
otherwise specified 

1a, d, c, e, fJ: 3a, n:Sii 
at room temp.; 9a, n up 
to S0° C (175° F): 10; 
11; 12; 19; 20a, n, c: 
22a, b, c; 21a up to 
.•)0° C (120° F): 24e 
and all Txqics 25 up to 
to 05° C (150° F) 

3a, b; 4a, b, c: 10; 12; 
ICa, b, c; 17a, b, c, d; 
ISa, b, ct 

2. 5. C, 7, 21. 24 a 
above 50° C (120° F). 
24e and all T^qies 25 
above 05° C (150° F). 

Carbolic .Vcid 

See “Phenol'' below. 

Carbon Dioxide 
Carbonic .’Vcid 

Wet g.'is and aqueous 
solutions of carbon di- 
oxide other than car- 
Ixrnatcd beverages un- 
less otherwise .specified. 
Up to 100° C (210° F). 

-Ml metallic materials 
with dr]/ pas up to 
temperature at xvhich 
liipli temperature cor- 
rosion beRin>i 

1a. II, c. E. r; G\, n, c; 
7a, ii; b\. II. c. d: 9a, n; 
10.11; 12; 13c: Hx; 
19; 20x, n. c: 22x. n. c; 
24 E and all Types 25 
up to 05° C (150° F) 

2§; 3\, n; 4a. b. c; 5; 
lOx, n. c; 17a, n, c, d, 
E, r; I7§; 18a, n, c 

t 

2 and 17f: with aerated 
solutions: 21; 2!e and 
:dl Type 25 up to 
05° C (150° F) 


* Up to 00° C (140° F) only in the ca'c of aqueous .■'olutions. 

t Most of the above materials arc no wor«c than Cla^s B v.'ith solutions of the pure acid 
and B-itli crude liquor*, and may be Class ,V in many situation*. In the absence of .specific 
data they are all rated Cla'S B. 

t In the ab'-enco of hydrochloric nr sulfuric acid*. 

I Corroded rapidly by aerated solutions, especially when hot. 
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Table 10 SULFUR DIOXIDE GROUP 


Ti^pe* nf Molcruil 

(See p 753 for sub-groups and further details of composition ) 


A1 and AI Base AUojs 
Iron and Steel 
High-Si Cast Irons 
High Ni Cast Irons 
4 to 10% Chromium Steels 
Stainless Steels 
(Martensitic) 

Stainless Steels (Ferritic) 
Stainless Steels (Austenitic) 
Special Fe-Cr Isi Alloys 
(Austenitic) 


10 Nickel 

11 NiCrFe Alloy 

12 Ni Cu Alloys (>50% 
Ni) 

13 Ni Mo Fe-fCr) Alloys 

14 Ni Cr Cu Mo VUoy 

15 Ni Alloy 

16 Cu Ni Alloys (>oO% 
Cu) 

I” Cu and Cu B ise Alloys 
18 Lead 


19 Sil\er 

20 Noble Metals and 
Tantalum 

21 MgandMgBn'C Vllo) 

22 Ceramic Materials 

23 Carbon and Graphite 

24 Plastics 

2o Rubber and Synthet c 
Elastomers 


ScLrrn Diotide and SuLFtmous Acid 


% By Weight 

Class A Materials 

(See defini ion of Class A materials on p 748 ) 

Vt Room Temperature 
Only (up to 30 C 
SoT) 

Up to Intermediate ! 
Temperature 
Indicated 

Up to 200®C (3D0®F) 
(Sco Note 3) 

Dry sulfur dioxide 
(See Note 1)* 

See Note 2» 

8ee Note 2 23c d up 
to 1 0® C (340® F) 

*<co Note « 2.A 1 c 
‘’3 A B 

Moist sulfur dioxide 
suUurous acid (Sec 
Note 4) 

8a c d 18a b c 24a 

23a b c d up to 

100® C (210® F) or to 

higher temperature 

corresponding to steam 

pressure sihich the e 

materials will with 
land 

1a B c E p (tapors 

0 ly) Sd Qa B c 13c 

!i4a 20a b c 2'’a b 
c (See follotnng sec 

tion on Sulfite L 9 

%ByMeigU 

Class B Materials 

(See def nit on of Class B materials on p 749 Other materi Is in 

1 common use arc listed under Class A matcmls ) 

At Room Temperature 
Only (up to 30® C 
85® F) 

Up to Intermediate 
Temperature 
Indicated 

Up to 200® C (300® F) 
(See N otc 3) 

Dry sulfur dioxide 
(^cc Note I) 

‘'ce Note 2 

‘'ce Note 2 

Note " 

Moist sulfur dioxi le 
sulfurous acid (See 
Note 4) 

lA D C E ruithaquc 
ous solutions up to 3% 
17 a BCD 21e 

S\ c D up to 100® C 
(210® n up to 

120® C F) 25 

A 2 b 2 an i c -2 up| 
to C5®C (laO®!’) 

ISa b ('’eo fotlonias 
section on SuirtcLii 
uors ) 


• Notes are listed on p 792 
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ScLFcn Dioxide axd Sulfciious Acid 


',l P>y IVeiKlit 

Cl.iss C Materials 

(Matcri.als not ordinal ily considered suitable.) 


At All Temperatures 

,\.l)ovc Indicated Temperatures 

Dry .sulfur dioxide (See 
iVotc I)'* 

Sec Note 2* 

Sec Xote 2; 23c, i> above 170° C 
(3(0° F) 

.Moist .sulfur dioxide; 
.sulfurous acid (Pcc 
Note 4) 

All Types lri;2, 3;4: o; (>: 7;J0;) 1 ; 

12; 13a, n; 15; IG; 10; 21; 25x-t. 
25n-l, 2.jt>-l, 25 d. and 25 b mate- 
rials, 1.x, 1), c, E, K xvith aqueous 
solutions (over 3%) 

bv, c, D above 100° C (210° F). 
esjjccially when carbon is ovei 
0.107o: ‘d-lt above .30° C (85° F); 
25x-2, I1--2, c-2 abox’c 05° C 

(150° F) (See following section on 
".Sulfite l.iquor.s") 


lNDnsTrti.A.L At-mospiieiies 


Waste Gases 

Below the Dew Point 

Abox-e the Dew Pointf 

Direct products of 
uneltiiiR and other 
processes involving the 
combustion of tmlfur- 
liearing materials 

Class A or B Matcrialst 

Class A or B Mateiial«t 

1 X, n, c, E, r; 4a. n, c; 8ii; 9.x, n. c; 
1.3c; 14a; ISx, n, c; 24e up to 30° C 
(85° F); 25a-2, n-2, c-2 up to 
05° C (150° F) 

Ia, I), c, E, f; 2; 4a, n, c; 5: 0; 7; 
Sa, n, c. d; Oa, n, c; 11; 13c; 14a; 
17x, n, c, d; IS 

Class C Materials 

Class C Matcrial.s 

All Types lo; 2; 3; 4; 5; 0; 7; 10; 

11; 12; 13a, n; 15; 10; 19; 21; 
25a-1, n-1, c-l, D. and e mate- 

rials; 21e above 30° C (85° F); 
25x-2. b-2, and c-2 above 05° C 
(150° F) 

1a, n, c, E, F above 320° C 
(005° F); 10; 12; IGa, ij, c; ISx. b, 
0 above 200° C (390° F) 

Out-door atmospheres 
contaminated with 

ab'ix-e desorilml waste 

cases 

.•\s above, except that .some of the materials rated Class C with 
"Waste Gases” at temperatures below the dew point may become 
Class B with these same products after they hax-c been diluted xvith 
■lir. Results x-ary xx-itli the amount of contamination and other local 
conditions, and arc likely to be quite erratic. 


SCLnTES AND BlSDLriTKS 

Ammonium “ulfitc 
Ciilcium MilfitP 
Macnc'iiuin Milfitc 
Pofii'—ium sulfite 
Sodium sulfite 

Ammonium hisulfitc 
C ileium lu^ulfito 
Mattne'ium liLulfite 
]’ol.'!“viuin lii-iilfite 
Sodium bi'Ulfite 


» Xofes Me lifted on p. 792. 

t See aUo Hioh-Tnnpcraturr CorroAon. p. C15 and JH’jh-Tt mpcraturc Rcriflatii Maliriah 
p. 720. 

J Thi-c enN-iroumenlH vary too much to iHtrmil .a .sharp divi-ioii between Class A and Cbi«s 
B materials. 


•Solutions of these s.alts, or vapor.s ari-iiiR fiom .such '-olutions at ele- 
viitetl temperatures, may behave as sulfurous acid solutions or ns 
moist .sulfur dioxide vapors. In mch cases the recommendations for 
the correspondinc sulfur dioxide solutions and vapors apply here aPo. 
exceptions.- Copper and hii:li-copper alloy.s are Class C with .solutions 
of .ammonium s.alts if free .ammonia is prO'ont in solution or in vapors. 
With sliuhtly alkaline solutions of the normal salts Tyi>e 2 materials 
u'ill 1)0 Class B and Types C and 7 materials will be Class A. 
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CHEMICAL RESISTAhT V iTERIALS 


Table 10 SULFUR DIOMDE GROUP — Conrtnu«l 



SruTTE LiQroBs 

Raw liquor from ab- 
sorption towers 

Relief liquor 

ReUef vapors 

Circulating liquor 
Cookmg liquor 

\.ll the-C liquors contam free «ulfurous acid and the xapors ari n" 
therefrom contam moL.t sulfur dioxi Ic None of the hq lors bchaxex 
exactly like sulfurous acid honcxer lieeaU'C of coutanunation with 
ulfurie acid and con tituents extracted from the wood or otl cr mate- 
rial bemg pu ped and because thej contain cileium salts and other 
components ahich depo it as scale on metal surfaces 'timil irlx t) e 
vapors do not behavo exactlx bke mol t sulfur dioxide VII the mate- 
nala which are Cla^s C with moLt “ulfur dioxide and sulfur us acid 
are Class C with the:>e bqaors and vapors tNime of the matcnali 
which are Class V or D with moi t ulfur dioxide and sulf irous acid 
take a somewhat poorer rating with thc«e liquors and x apor« Vmong 
them are Tvpes 1 8 and I" matcriaU 

Tjt» 1 materials are Clas_ C Txtxts 8x 8c and so are u uall> Cla s 
C Thej max be CLas* A or B at moilerafe temperatures where ex 
po^ed surfaces ate free from «cale or other depo its an 1 in the absence 
of excev ixT amounts of sulfunc acid L-« with caution Vllox ofthu 
■woup contaiDing more than 0 C are alwax's Cla C T>tx*s «b 

and 9 materub are usual!} Cb s \ or no w orse th in Cla«» B Tx p« 
1"a BCD materials are no bolter than Cb«« B with hot liq lors and 
mpor* and max be Class C in «uch emce Thex m i\ he Cia a \ to 
B with cold liquors Tx-pe IS materials are Cli V to B up to the 
maximum temperature at which thex are rated anth mlfur dioxide 
and «ulf irous acid Tvpes 22 and .3 material are u nllx Class V 
’4 e and 2ox 1 d I c-I n and e arc Cla B ip to t a C floO* FI 
Tvpes 2ox 2 B 2 and c-*are Cla » \ up to G>* C do * F) and C! * 
B up to ««)*C (ro*F) 


\of« 1 The term drj s tl/ur dioxid refers tA eulfur dioiiJe in either if e hq i d or \af)or 
etate contaimag no wafer other than unaxoidable traee» nn 1 not permitted to come in eon 
tact with air or other eanromiicnt from which moi ture enn be ab-^rbed 

\oteS Theoreticillj all metallic materials «hoiild be Cla. » V with Irj wilfur lioti ie 
up to the Umiting temperature at which 1 igh temperature corro loli occur Pr'ietiexlh ii i 
not alwaj's possible to prexent contaraimfion with water or to keep the temperature aboxo tl e 
dew point at all times Therefore it is safer when dealmg with sulfur dioii Ie wl ich h n 
cfwilant.x«th.aic or other enxironment oonfammjj. mol turo to u«e the data for moi t ‘ulfur 
dioxide all of which can be «afel3 appbed to tho dr> wib tance 

\ ote S The temperature of 200* C (390* F) was ^elected arbitranl> as the pro! able 1 isrhc-t 
saturated «team pTe««iire at which »xiUut dioxide wxU be encountered Mo't matenaU pvxl 
up to that temperature can be u-^ at higher temperature» 

\ofe 4 The term mcnf xif/ir diox de refers to atmo»phcrcs compmed 'ubstantiallj of 
«ulfur dioxide and wafer xapor an 1 * if/ /roue oewf refers to aqiieo is solutions of sulfur dioxile 
onlx The atmospheres are aa-umed to be at temperatures below fha dew point or la the 
■^turated condition i o in contact with water la the form of sulfurous acid solutions 




TAnix 11. AUCVLItS GROUP 


Tupa of Material 

(See !>. 7.5.3 for and further dof.ails of composition.) 


1. A1 and .M-Basp Alloys 

2. lion and Pled 

3. HiKh-'^i Cast Irons 
Ilipli-Xi f'ast Irons 

5. -1 to 10% Chrorninin Steels 
G. Staink-'s Steck 
(Mai tensitie) 

7. Stainic's Steels (IVrritie) 

S. Stainless Steck (.\nstenitic) 
0. Spoeia! Pc-Cr-Xi .Mloys 
(.Vuslonitic) 


10. Xickel 

11. Xi-Cr-Fc .-Vlloy 

12. Xi-Cti Alloys (>50% 
Xi) 

1.3. Xi-Mo-Fe-(Cr) .\lloy.s 
M. Xi-Cr-C«-Mo Alloy 
1.5, Xi-Si Alloy 
IG. Cu-Xi Alloys (>50% 
Cu 

17. Cu and Cu-Basc Alloys 
IS. Lead 


19. Silver 

20. Xoblc Metals and 
Tantalum 

21. Myand MK-Base Allo.v.s 

22. Ceramic Materials 

23. Carbon and Graphite 
21. Pln.stics 

25. Rubber and Synthetic 
Elastomers 


.Sonn-M Ilvnii'jxint; 


% By 

Cla'-s .( Matei iai 

(Sec dc''nilion of Class A Materials on p. 7-18.) 

Weiaht 

At Hoorn Tcmporottire 
Onlv (ui> to 30° T’, 85° F) 

Up to Intermediate 
Temperature Indicated | 

Up to Boilinc Point at 
Indicated Concentration 

Up to 109 ; 


2U up to 50° C (120° F); 
2.1c, I) up to 100° C (21 0° F) : 
21 e and .all Type 25 mate- 
rial, up to 0.5° C (150° F) 
(Soft varieties of T.vpo 25 
rnatcriak not recom- 
mended for very dilute 
lolutions) 

Ia, n. c; Sa, ii, c, d; 9a, n 
10; 11 ; 12; I3 a, n, c; Ma; 
15; ICa, It, c; 19; 20 d, c; 
21; 23a, n, c, d 

10 to 30% 


SA, n, c. n up to 100° C 
(210° F): 2-1 a up to 50° C 
(120° F): 210 , K up to 
100° C (210° F): 2.1 e and 
.ill Type 25 material' tip 
to 05° C (1.50° D 

Ia, n. c; 9\, n; 10; 11; 12; 
13 a, d. c; Ma; 10a, n, c; 
19; 2()n, c; 21 ; 23 a, n, c, i) 

:jo to 

i 

1 

It, n. c up to 15')° C 
(3')0° F); Sv. n, c, n and 
IOa, n, c up to 100° C 
(210° F): 21 a up to .50° C 
(120’!'); 21c, n up to 
100’ C (210° D; 2.1r- ami 
all Type 2.5 materials up 
to 0.r C G.50° D 

^A, 11 ; ]'); 11; 12; I3a, 11 . 
c: M.a; 19; 20u, c; 23a, n, 
C, D 

.50 to 70' ; 


It, c. n ami 9\, n up to 
100° C (210° DilUupto 
90° C (19.5° F); 2:5c, n up' 
to 170° C (310° F) 

10; 11; 12; 19; 23a, n 

70 to 

anliydroii' 
up to 2iI0’ C 
(500° U) 

10; 1"; 2011, <• 

2 U, n up to b.p.; 23c. n up to 170’ C (310° F) (See Xotes 1, 2, and 3)* 


' Xoto^ are li'ted on p. 79S. 
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CHEMICAL RESISTANT MATERIALS 



% By 
eight 


Fused 
NaOH up 
to 480“ C 
(900“ F) 


Class A Afaterials — Ct>n/inu<?d 
(See definition of Class A materials on p 748 ) 


At Room Temperature Up to Intermediate Up to Boiling point at 
Only (up to 30* C, 85* IQ Temperature Indicated Indicated Concentration 
10, 19 23a., b (Sec Notes 1, 2, and 3 on p 




Class C Materials 

(Materials not ordinarily con‘=uicred suitable } 

At All Temperatures Above In dicated Temperatures 

Ml T3"pe 1 materials, 20a, 24b abo\e 3 a, n above 0 5% above 30* C (85* F), 
1%, 6oU varieties of Type 25 materials 17g above 30“ C (85“ F), 18a, d, c aliove 
00“ C (200* F) , 24a abov e 50“C (120* F) . 
24c, n above 100“ C (210“ F), 24e and 
aU Typo 25 materials above D0“C 
(200* F) 


• Types 5, 6, and 7 materials may be somewhat superior to «ome Tjiie 2 materials mtb 
dilute solutions, but are not expected to be superior with hot concentrated solution*, and 
may be inferior. In the absence of •pccific information they are rated as indicated 

tTiTie 2 materials sevcrclj stres'^d (except gray cast iron) arc subject to caustic 
embrittlement. (See Bodcr Corrotton, p 531 ) 
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Tauli: 11. ALK.VLIES GROUP — Continued 


SoDlUlt IlTDItOXlDE 


Cc By 

Chars C Materials — Con'intted 
(Materials not ordinarily considered suitable.) 


At .Ml Temperatures 

Above Indicated Temperature.s 

10 to 30% 

All Tyj>c 1 inatcririLs; 20 a; 24n 

1 

3a, b; 17a, and ISa, ii, c above 30° C 
(S5° F); 5*, Ga, d, c *, and 7 a, ii* abox'o 
30° C (S5° F) ; 24 a above 50° C (120° F) ; 
24c, D above 100° C (210° F); 24 e and 
all Ty^po 25 materials above 90° C 
(200° F) 

30 to .10% 

All Types 1, 3, 17, and IS materials; 
20 a; 21n 

2 above S0° C (1S0° F) ; f>*, Ga, d, c*, and 
7a, n abox'c 30° C (S5° F); 21 a above 
50° C (120° F); 24c, d above 100° C 
(210° F); 24 e and all Typo 25 mate- 
rials abox’o 90° C (200° F 

.10 to 70% 

All Types l. ,3, 17, and IS materials; 
20a; 2 til 

2 above 80° C (180° F) ; 5*, G.x, ii, c*, and 
7 a, b abox-Q 30° C (85° F) ; 24 a above 
30° C (85° F); 24c, d above 100° C 
!(210°F); 21k and all Type 25 materials 
above 90° C (200° F) 

70% to 
anhydrous 

All Type.s 1, 3, 0 *, G*, 7*. 13, IG, 17, IS, 20, 20a, 21, 22, 24, and 25 materials; 
23c, D above 170 C (340° F) 

I'used 
NaOII up 
to •IS0° C 
(900° P) 

■Ml Typos 1, 3, 5, 0, 7, S, 9, 1,5, IG, 17, 18, 20, 21, 22, 23c, n, 24, and 25 materiahs 


Onicii IIyduoxides 


Rariiini Iiydro'cido 
l.itliiuin liydrotide 
Potii'-Hium hydroxide 


The data for “Sodium 
Hydroxide" may be 
expected to apply to 
the'O hydroxides also. 


Calcium hydroxide -HI materials which are 
Mncricsium hj-dioxidc Class A with “Sodium 
Hydroxide” up to 10% 
are Class A xrith thc~e 


hydroxides uj) to satu- 
ration point, and up to 
or above the harne 
limiting temperature. 
Typos 3, 0, and 7 also 
Class A. All Tjtjcs 21 
and 23 materials Class 
A up to temperature 
limitation. Type 1 ma- 
terials Class C. Other 
materials Class B. 


• Types 5. G. and 7 materials may bo somewhat superior to ."ome Type 2 materioK with 
dilute solutions, but arc not expected to be superior xvith hot concentrated solutions, and 
may be inferior. In the ab'enco of specific information they are rated as indicated. 













Tvble II ALKAT.l'nS GROUP — 


Alj:.\livi: CrtxiDEs \vd ‘^clfidls 


Baniun cjanide 
Potassium cjaiude 
Sodium c\anide 

Cjamde platmg 
solutions 


|The data for ^odiuml 
hjdro^de appl> here! 
al«o subject to the! 
follonmg exceptions 
Tnpcs 12 16 17 18 
10 and 20 B c mate-j 
rials which arc C!a' 
with solutions of thcl 
hjdroxide axe Cla«b C| 
with all concentrnlioa=[ 
and temperature^ 


jBarium «ulfidc 
Potassium sulfide 
Kodium sulfide 


The data for sodium 
hvdroxide applj here 
ilso subject to the 
following exceptions 
Ti-pes 12 10 17, n 
and 20 b cmatcrnlsare 
Class C with all coa 
centrations and tem- 
perature Ti-polSma 
tcnals are CK«s B 
with all concentrations 
at room temperature 
and n ith up to 25*^ up 
to lOO’C {2ir)»F) If 
hxdro'’en «ulfide l lib- 
erated the soft fonn< of 
Tj-pe 2o materuls be- 
come Ch«» C and 24 e 
becomes Class C abo\e 

30 * c (M* n 


OTOER \tKlUNX SsLT< 


Boros 

Sodium aluminate 
^dium bicarbonate 
Sodium carbonate 
^odium meta«ilicate 
Sodium perborate 
Sodium peroxide* 

Sodium phosphate (triba«ic) 
^todium plumbite* 

^‘odium «e«qui«ilicate 
Sodium silicate 
^odium stannate* 
Coirc'ponding «alta of other 
alkali metals 


All material which are Cla « V xnth eodi im liidrniide up 
to 10^ are Cla s \ with all concontntion. of the-c r lti 
up to or alioxe the «ame limning temperature Tjpe* b 
and 7 at-o Cla s \ xnth all eoneeniration-* up to b p Ti lies 
1 6 7 S and 9 can be u'-ed in procc «iiig of iron free 
products Txt)c 12 and 16 can he u«cd in proee< ing of 
copper free pro<lucts T\T>e 2 ru itenals are Class B with 
ill coneentrations up to bp and at higher tcniperjlurw 
except where circum«taiicc< fax or cau'tie eml rittlenient 
(*ee Reifcr Corrosion p 531) Exception Tx'pe 1 matoruli 
ueuall> Class C Max be Class B ix ilh «ome «olutions whea 
the c are properlj inhibited Coa«ult mamifactu’-ers f »' 
more 'pecific recommendations 


Type— mnlnrials may apprri.arii.Cla»< C xnth «Ofiium 'ilirate 
elutions when the latter are permitted to drain nn 1 drv 
in(crmittcot)}. with con equent cracking of the gla*— like 
lajcr of dried «ilieate ®olution Sex ere pitting at expered 


lareas maj occur 


Ts-pc 3 naatcnals Class V to B xvith all concentrations up 
to bp 

Type 20b c materials when molten Cla«s C xxath thos, 
marked xxath astcri k Maj be Class \ to B with other* 
depending upon temperature oxilation and degree of 
eonx ersjon to h) dmxi Ic 


• T>i)^s 5 6 and 7 materials ma> be eomewhat superior to ‘omc Tjpe 2 material* xnlh 
dilute Folutions but arc not expected to lie “upenor with hot concentrated solution* wid 
maj be inferior In the absence of specific information, tlicj are rated as indirated. 


790 




CIin.MICAL Rj:Sh'iTA.\T MATRliJALS 

Tahli: 11. ALICVUn.^ GROUP— Con/inHf<f 


707 


So\r \ND So\r LiQfons 

Poe TflUlc '-i for (Kt-i. rps:ir<linK tlic f:itty ar-itU anti fatty oils used iii tlio inainifacturo of 

FOlp. 

Tjto 1 la'iforiaK arc Cla-s C rntli all .stronRly alkaline liQuors and with final product con- 
t-iininc excess alkali iinlc^- eITccti\elv inhibited. Typo 2 in.iterials arc Class B except when 
prore-siru; iron-free products (Cla — C). Tjtic -1 materials aie Class B to A, useful with crude 
liriuors conlainint: salt. Types S and 0 materials arc Class A except with crude litpiors con- 
tainina s.,U. Types 10. 11, and 12 mateii.als Cl.ass A. Types IG and 17 materials are Class 
to B except Type 17 is Class C when proecssinR copper-free products. Type IS inatcrials 
ustiallj' are Cla-s C. 


VlsCOSI. 


(a) ‘‘.Uk di-Cellulose," obtained by stc-epiii); 
wood ])uli>()i cotton fiboi in sodium hydioxiile 
(fi) ‘‘Cellulose Xaiilhate," obtained by re- 
action between alkali-ccllulo-c and carbon di- 
sulfide 1 

(c) "Viscose,” obtained by di-solviiiK cellu- 
lose xantliate in sodium liydi oxide. 


Tyiie 2 maleiials aic Class B to A throuRliout 
fiom standpoint of pencral corrosion. Widely 
used in cellophane and sausage casing industry. 
Class C in rayon industry wdicrc contamina- 
tion with iron or manganese cannot be toler- 
ated 'I'yiies .1, S, 9, 10, 11, and 12 are Class 
.V tliiougliout ex'cppt Type 12. They are 
Class C in layon industiy and Type 10 Class 
B in spin-bath cvaporatois. Types 1, IG, 17, 
and IS materials are Cla«s C. Typo 25 matc- 
rie.ls are Class C whore carbon disulfide is 
encounieicd. 


Ai.kau.x'i: Puuung Lipuons 


fsoda liquors 
White 
Green 
Blaik 

Sulfate liipiors 
White 
Green 
Black 


In general, the data foi “.Vlkaliiio .Salts” apply to these liriuor.s also, wdth 
sulfate liquors being .somewhat moie corrosive than .soda liquors bccauso 
they contain sulfides. Kxf options are due to the fact that .some of these 
liquors may contain organic compounds in solution or solids in .suspension, 
1 - a le-ult of which thcoidinarily luotoctive coatings of corrosion products 
in.iy be le-s effect i\ c, and vcloi ity and turbtdence m.ay bo more damaging. 
V.qxus aiising from thc-e liquor- may bo more eoiro-ivc than the liquors 
them-elve- Typo 1 mateiials are Cla-- C throughout; Type 3 matcriaks 
are u-ually Cl i-- C. Type 2 mateiials are commonly employed and are 
Cla— B throughout except wlrore they become Class C because of turbu- 
lence, abra-ion, oi expo-ure to moi-t x’apois. Tyjie •! materials arc Cla"s 
n with -iilfate li'iuoi- and Chs- B to A with soda liquors. Low-Mi cast 
irons (1 to .3C Ml) aie intermediate lietwcen nickel-free and Type ‘1 cast 
irons. Low-Mi steel- ( 31 1 to ,Y'c Mi) arc superior to carbon steels. Tjqie 
.) materi d- arc not expected to be better than carlxm .«tcel; may be inferior. 
Results with Types G and 7 material- erratic; better with vapors than 
with liquors. Type- S and 9 materials arc usually Class A. .although 
dype S material- may become Cla-s B where turbulence is great and 
temperature- arc high. Types 10, 12, and 10 materials are Class B to 
with .-od.a liquors and Cl.a-s B to C with sulfate liquor.s. Typo 11 


} C irlxm di-ulfide i- handled in Type 2 materials. 
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Table 11 AUv A l.IE5 GROUP — Contmufd 


Alkaline Pulping Liquors 


matenala arc Class A tlirougbout Type 17 Toatenals usualb considered 
Class C although 17o materials are Class B mth %apor3 contsminc 
hj droeea sulfide Type 18 materiaL are Class C 


\ole 1 Corrosion bj concentrated solutions and by fused sodium hjdroside \atie'i with 
temperature and is ogEra\atcd b> abrasion of cr>stals and other factors which interfere 
with the formation of protectixe coatings Alatenols rated Class A up to 2C0®C (SOOT) 
are usually no wor«e than CIa®s B up to 480* C (900® F) Some tnatenals rated Clu s I) up 
to 2G0* C (oOO* F) become Class C at 480® C (900® F) 

'\ote2 Severely stressed nicVel and high nichcl aUojs arc susceptible to mtergranuLir 
corrosion bj sodium bjdroxide in the concentration range where temperatures mai exceed 
315° C (600° F) 

Ao/e 3 The pre-ence of oxiduable sulfur tompounds in the sodium h>droxidc tends to 
increase the corro'ion rate for Tvpc34 10 II 12 and 19 (’) materials Tsiies 12 (and 19') 
maj become Class C in such ca^es 
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Table 12. AAIMONU GROUP 


Typa o{ Material 

(Soo p. 753 for sub-croups and further details of composition.) 


1. A1 and AI-B.oso Alloy.s 

2. Iron and .Steel 

3. llich-Si Ca‘-t Irons 
•1. Hich->ii Cast Irons 

.j. 4 to 10% Chromium Steels 
G. Stainless Steels 
(Martensitic) 

7. Stainless Stecl.s (Ferritic) 

S. Stainless Steels (Atistcnitic) 

9. .Special Fe-Cr-Ni Alloys 
(Au.stenitic) 


10. Nickel 

11. Ni-Cr-Fc .Alloy 

12. Ni-Cu Alloys (>50% 
Ni) 

13. Ni-Mo-I'c-(Cr) .Vlloy.s 

14. Ni-Cr-Cu-Mo .\lloy 
1.5. Ni-.Si Alloy 

IG. Cu-Ni Alloys (>50% 
Cu) 

17. Cu and Cu-Basc Alloys 

15. Lead 


19. Silver 

20. Noble Metals and 
Tantalum 

21. MgandMc-Baso Alloys 

22. Ceramic Materials 

23. Carbon and Graphite 

24. Plastics 

25. Rublrer and Synthetic 
Elastomers 


Ammonia and 
.\mmoniumhydro\ide, 
Ammonia Liquor.s 

Class A Materials 

Cla.ss B Materials 

Class C Materials 

Compre.—ed liquid 
and gas (Note 1) 
anhydrous 

1 : 2; 3a, n; 4n, c; 5; 0: 
7; 8:9 (Note I): 10; 11; 
13 a, n, c; 14.\: 15; 18: 
19 (Note 2): 20 a, n, c: 
21: 23 a, II, c, I) 


1a: 12: 10; 17 

Moist vapors 
.Immonium hydroaide 

1 : 4n*, c up to 70“ C 
(100° F):S:9: ii: I3c: 
14 a: 20a, II, c: 21; 2.3 a, 
n, c, n; 24c, l) up to 
b.p. 24 e and all Tjqio 
25 materials up to 
05“ C (150“ F) 

2: 3a, n: 5: G: 7: 4ii*, c 
above 70“ C (1G0“F) 
up to b.p.: 10 (Note 2) ; 
24n at room temp. 

4a. Ilf; 10: 12: 15: 10: 
17; 19, (Note 2): 24 a 
above 30“ C (85“ F) 
n-ith up to 10%: at all 
temperatures with eon- 
contratod grade. 24n 
above 30“ C (S5“ F). 

Ammonium carbonate 
Ammonium phosphate 
(triba-sic) 

In general, the ratings for ammonium hydroxide aiiply hero. All mate- 
rials which are Cla=s A or Class C with ammonium hydroxide are 
similarly rated with solutions of these .«alt.s. Matcrial.s which are 
Class B with ammonium hydroxide may approach Cla.ss A with 
solutions of these .-alts. 

Ammonia liquors 
(mixtures of ammo- 
nium hydroxide, am- 
monium .-alts, and 
other romi)Oncnts) 

All materials whieh arc Class C with ammonium hydroxide are Cla-s 
C with ammonia liquor.s. The A and B ratings for ammonium hydrox- 
ide and ammonium salts will usually applj- ak-o, but they should bo 
u-ed cautiously, depending upon the other components. 


• Preferably Cu-free grade, 
t Cu-lK'aring grade. 

Sole 1. All the ratings in this Table are based on the assumption that the temperature is 
Irelorv that at ivhirh dissociation of the g.as and nitriding of the metal occur. 

Sole 2. Silver alloys containing copper are always Class C. Pure silver resists dry gas 
and air-free aqueous •-ohition'- well, but is attacked sdgorously by aerated solutions and by 
hot moist vapors. 










Metallic Coatings 

ZINC COATINGS ON STEEL* 

\VlU.TAM BlumI akd Abnkr BlinNXnut 
INTBODUCTION 

Tlic extensive use of zinc coalinfjs on steel is largely the result of the good corrosion 
resistance of zinc, which under most, service conditions is considerably better than 
that of steel. An additional advantage of zinc coatings is- that under certain conditions 
they will protect expa=cd steel, for example, at cut edges, by electrochemical action 
(cathodic protection). The electrochemical protection is exerted when the bare steel 
and adjacent zinc-coated are.as are in contact with a conducting aqueous solution. 
Under these conditions, the zinc nct.s as the anode of an electrolytic cell and thereby 
prevents corra-’ion of the iron which constitutes the cathode. This behavior gave rise 
to the term galvnniscd iron. The only other commercial metal coating on steel that 
j’iclds about equal electrolytic protection is cadmium. Under conditions in which 
aluminum coatings remain active, they may give electrolytic protection to steel. The 
use of zinc for coating steel is favored becau.se of its low cost and ease of application. 

In addition to the electrolytic protection, zinc may retard corrosion of exposed steel 
by the fact that the solution of zinc (or of the products of its corrosion) in water may 
so increase the jrH as to retard the corrosion of steel. In support of this hypothesis, 
E. A. Andcr.'on [37]t has reported a pli jis high as S.5 in water saturated with the 
corro.=iou produces of zinc. 

One objection to the use of zinc coatings is that, especially at high temperatures 
and humiditic-s, c.g., in the tropics, corrosion is rapid and results in the formation of 
bulky, unsightly white coatings, asually of basic zinc carbonate. One of the best 
methods of retarding this type of corrosion is by the application of inhibitive 
chromate films (p. 802). 


ATMOSPHERIC CORROSION 

GnxKiiAL PniNaPLES 

Protection of the steel nece.sBarily involves some "sacrificial” corrosion of the zinc 
coating. In principle, the degree of protection and the life of a given zinc coating 
might bo evaluated by the rate at which the coating losc.s weight (or thicknc.s.s) in 
given surroundings. However, these determination.'^ arc u.sually inconvenient, even in 
controlled field tc.5ts, especially on large spccimcn>: .such ,a.s sheets. The results of most 
expa<ure tc.=ts of zinc-coated steel have therefore been expro.ssed in term.s of the area 
on which rust appeared, as a result of corra'jion of exposed steel. 

If a steel specimen wore coated with a perfectly uniform zinc coating, and if all parts 
were exiiO'^cd to the same corrosive influences, the zinc coating would suddenly dis- 
appear from the entire surface, after which the expa-cd steel would corrode at its 

• npfer nl^o to Zinc, p. 331. 

1 Xatttm'xl Humvo of StandanJ*, WashinKtoo, D. C, 

I The njtnber^ in brackets refer to the reference^* at the end of this chapter (p. 810). 
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normal rate Such conditions ne\er exist m practice because (1) the 2 inc coatings arc 
ne\ er umformlj distributed ea en on flat «5heel<5 (2) the different parts of the spccirncn 
do not v^et or dr> uniformlj when exposed to tain or dew (3) the pre<sence of aii-\ 
bare «teel eg at cut edges accelerates the corrosion of the adjacent zinc and (4) in 
hot-dipped coatings the alloj lajer may corrode at a different rate from the nearlj 
pure zinc on the surface The actual curtes representing the progress of ribt are there- 
fore ii-ualb of the «hape shown m Fig 1 in which the fraction of the surface ru'ted is 
plotted against > ears of exposure 



Fiq 1 Typical Curve for the Ilnte of Failuro of Hot-Dippcd 
Sheet Subjected to Outdoor Exposure 


E\aluation of the life of a coating from eucK a cur\e is difficult ObMOudj ncitl cr 
the time for initial rusting nor for complete rusting is a lalid criterion c'pociallj as 
the-e points are difficult to define The area to the left of the curie is i true index of 
the protection but is not readily measured It is numerically equal to the aicrT’c 
abscissa AB of the cur' e «incc the area AB X DC * AB XI T1 e at erage ab ci*. i 
may be called the a\ erage life of the coating bccau c it is equal to the number of j cars 
that the coating would haie giicn complete protection if instead of graluill> 
expo-ing the steel it had corroded uniformly and then di appeared suddenly If as is 
true in many cuch le«ts the cuixe js approximately symmetrical about a point B 
which represents rustmg of 50% of the surface the number of y cars to pro luce SO'^s 
ru ting may bo considered as equal to the aieragc life of the coating and taVen as an 
arbitrary measure of the protectne xalue of tl c coating 
In order to compare the protective value of different zinc coating* m one or more 
locations it often conxenicnt to c\pre-a tie results in terms of the average thick 
ness (or weight per unit area) of zinc removed in a given period S iggcslcd units arc 
milligrams per square decimeter per day (mdd) jncl cs per year (ipy) and mill (or 
inches X 10-3) per year The la. t named unit la convenient because its reciprocal 
represents the life in years of a coating 1 mil (0001 in ) tl ick 
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AmrospnKnic Exposure Tests 

A. S. T. M. Tests. The most extensive atmaspheric tc-'t.^ of zinc coatinps on steel arc 
tha=e conducted by AJs.T.M. since 1925 and still in proprass. The results are sum- 
marized in Table 1. Three principal investigations were made. 

Hot-dipped sheets. [1 to 19]. Corrugated sheets of hot-galvanized steel were 
expo=ed in 192G at two indii.-trial locations, Pitt.«burgh, Pa., and Altoona, Pa.; two 
marine location.*--, Sandy Hook. X. .T., and Key IVesf, Fla.; and one rural location. 
State College, Pa. In each location, o\-er 100 specimens were cxpa^cd, which included 
variations in the type and gage of the steel and thickness of the zinc coating. The 
sheets were 20 by 30 in. (66 by 76 cm) and were supported on racks at 30° from hori- 
zontal. At each location there were 10 to 18 sheets liaving the same tliicknes.s of 
zinc coating. 

Curves showing the typical course of failure are shown in Fig. 2. The rate of failure 
[13/1] of the zinc coatings, in dc.'cending order, w.as AUoonn, Pittsburgh, Sandy Hook, 
State College, and Key IFc.st. In contrast, uncoated steel sheets failed most rapidly at 
Key ire.st, and least rapidly at Altoona and State College. 



Fio. 2. Progressive Development of Rust on Steel Sheet, Coated u-ith Hot-Dipped Zinc, 
Subjected to Outdoor E.xposurc (Reproduced from Proc. Am. Soc. Testing Materials, 44, 

93, Fig. 1 (19M).) 

Note that 1.18 oz Zn/eq ft of elicct (I)otli sides) equals 1 mil tliiok coating. 

It i.e diffictilt to correlate the behavior [15] of the galvanized steel at Key West tvith 
that in other location.*--. In the other locations the zinc disapiienrcd most rapidly from 
the lop surface where rust first appeared. At Key IVe.st, failure of the zinc and cor- 
rosion of the steel started on the lower side, and rust finally penetrated to the top 
■Mirface. In the opinion of the authors, the anomalous behavior at Key 'West is prob- 
ably the rc.sult of (I) ab.<cncc there of .>*ulfur compounds, which rapidly attack zinc, 
e-pceially if they are combined with or adsorbed by solid particles; (2) rapid diurnal 
temperature ehange.s and high humidity, which cause dew to condense at night and to 
evaporate off moie slowly from the underside than from the upper surface; and 
(3) formation of biisic carbonate on the upper .surface bj- the salt water sjiray, which 
may retard corra**ion of the zinc. If thi.s cxjilanalion is correct, the principal’ attack 
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of the rinc on the under side was caused by nearly pure coDdense<l wafer SimiLir 
corrocion has been reported inland in the tropics 
H.4EDnAEE [1 to 19 21] A large aanet) of steel articles, such as lunge-, bolts 
n-a-her« clamp-, screw-, and angle iron., wx, expo ed in 1929 at the ^ame five loca 
lion- as the sheeta The coatingii included hot-dipped electroplated, and sherardiied 
line electroplated cadmium, hot-dipped aluminum and lead, and pho-phate-treated 
article- Because of the irregular "hapet, the thichne»* and distribution of the coatingi 
on each piece and lot were more aanable than on the sheets In con-equonce, initial 
jiv-ting frequently appeared at a \eT\ early stage and complete failure occurred much 
later (Fig 3) It is therefore more difficult to draw concisions on the life of the 
< oaung. from the-e te ts than from tho-e with sheets 




TIUE IN YEARS TIME IN YEARS 

Fic 3A Coatings Appronmately 0 S Fic 3B Coatmes Approiimateb 1 2 
MU Thick MUs Thick 

Fig 3 Progressire Development of Rust on Zme Coated Hardware Compared with That 
on Hot-Dipped Sheet Subjected to Outdoor Exposure in Pittsburgh (Reproduced from 
Symposium on the Outdoor Wfathmny of Vffa/A and \ItlaUic Coatings of the Amencan Society 
for Testing Materials March 7, 1934 Fig 11, p 14) 

Curve 1 Electroplated nne on hardware Curve 2 Sherardiaedrineonhardware Curve3 Hot-dipped 
sheet. 

WiEES In 1937, \ S T M [10 to 19] started mepovure te-ts of wires and wire 
fences in eleven location-, the most severe of which were Pittsburgh, Pa , Bndgeport, 
(> 3 nn , and Sandy Hook, N J Les eev ere corrosion occurred at State (Ilollege, Pa , 
Lafavette, Ind , Ames, Iowa, Manhattan, Kaos^ Ithaca, X Y., Santa Clruz, Cahf, 
College Station, Texas, and Davis Cahf The tc-ts included steel wires of 5 gige^ 
ranging from 6 to 14’^, coated with hot-dipped and electroplated rmc, copper-clad, 
and hot-dipped lead, and al-o bare plain carbon '4eel and chromc-Dickel steel The 
imfabncatcd wires were 42 in long and were welded to the racks in a horizontal po'i- 
tion The progrc-3 of corraion was detenmned by (1) appearance, especially tlic 
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extent of nist, (2) ]o?s of weight, and (3) change in tensile strength of unfabriraled 
wires. 

Table 1 includes data on these wires for several of the severe locations. These data 
.•'how that at Pift.<-burgh and Sandy Hook the smallcst-gagc wires lost zinc 10 to 20% 
f.vtcr than tlio largcst-gage wires. Data not included in the table show that at severely 
eorra^ive locations the rate of lo-^s of zinc from wires was 5 to 15% greater during 
the first j-ear of e.xposurc than during succeeding years. At the milder locations only 
a few sperimons in the 0.2 to 0.3 oz zinc per sq ft class had rusted. .-Vt these locations, 
after G years of exposure, only the barbed wire and farm field fcncc.s with thin coat- 



EXPOSURE TIME SINCE FIRST RUST, YEARS 

l ia. -1. Lo.'-» of Tensile Strength of Zinc-Coafecl TVires Subjeetetl to Outdoor Exposure at 
Pittsburgh. Pa. (Rcjiroduced from Pruc. Am. Soc. Testiug Materials, 43, SG fl!)-13}. Pig. <1.) 


mgs had rusted. The fences were not placed at the severely corrosive location,?, such 
as Pittsburgh, flandy Hook, and Pridgeport. In general the re.sult,? on the fences 
agreed with those on the unfabricated wires which, Iiowever, bcemcd to have corroded 
a little f:u«ter than the fences. 

Because these exposure tasts arc not nearly eomplete, no final conclu.sions can yet 
be drawn. The data thus far obtained indicate that the steel doe.? not start to lase its 
tTO.silc strength until most of the zinc has been consumed and the steel is nested 

(Fig. •!). 


A. E. S., A. S.T.M., N.B.S. Tests {23,25]. In 1932, the American Eleclroplalcrs’ 
Society, in cooperation with A.S.T.M. and National Bureau of Standard.? started 
exposure tests of electroplated steel panels in six locations, of which four, Pittsburgh, 
Sindy Hook, Key B e.,t, and State College, were the .same a.s for the earlier A.S.T. M 
tests, and the other two were New York, N. Y., and Wa.riiington, D. C. (Table 1}. 
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Table 1 PROTECTIVE VALUE OE ZINC COATTNOS ON STEEL — Contmuj 
AtiDo<^hcric Exposure 
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These tests Tvere conducfed for onij about 4 jeits, excepting n few specimens that 
were exposed o\ er longer periods, for which data not published in reference 25 are here 
included The specimens were 4 bj 6 ra (102 hj 152 cm) rectangles of 22-gage steel 
Fne specimens of each tjpe were placed at each location on neks facing south and 
sloping 30“ from horizontal Cut edges of the hot gahanizcd •sheets were protected 
with paint Three different thicknesses of coating, 02, 0 5, and I mil, were exposed 
There were 20 to 25 specimens of a gi\en thjeknesa of coating (although not all of the 
same t>pe) at each location 

Bell Telephone Laboratories Tests Exposure te«te conducted bj the Bell Labora- 
tories m New "iork and reported in 1930 [20, 21, 28] are of interest because thev 
included hot-dipped electroplated, and sherardued zinc, and becait-c efforts were 
made to correlate the results with accelerated tests, including simulated rainfall 
(Table 1) The steel sheets were 9 bj 12 in (22 8 by 30 4 cm) rectangles, m (0 16 
cm) thick, with coatinga approximately 08 mil thick They were hung lertically and 
cut edges were protected The conclusions are based on weight losses of specimens that 
were brushed or scrubbed, and not cleaned chcinical!> after exposure 

Effects of Vabiotjs FAcroRs 

The results of x atious exposure tests of zme coatings are gummanred in Table 1 
according to location The basis for calculating the rate of corrosion of zinc is indi- 
cated for most ol the tests 

Environment In Table 1 the locations are listed according to the preiailing 
conditions in the order of industrial (New York, Pittsburgh, Altoona, and Bridgeport), 
marine (Ke> West and Sandy Ht>ok), and suburban or rural (State College, Washing 
ton, and Lafayette) The average rates of corrosion correspond roughly to this 
classification The average i allies in Tabic I (not weighted or with strictlj comparable 
epecimens) are, la mils penetration per year, New York 026 Altoona 020 
Pittsburgh 027, and Bridgeport 0 19, with a general average for these four indmtrul 
locations of 027 At Sandy Hook, the rate is 015 and at Key W'est, 009, with an 
average for these marine exposures of 012 At State College, the rate is OOS, at 
Lafayette, 009, and at Washington, 009, with a general average for the'^e mild 
locations of 009 

The greater rate of corrosion of the zme m industrial atmospheres is no doubt 
largely caused by the presence of SO2 and SO3, which increase the acidity of any 
condensed moisture and yield soluble zme compounds, «ome of which may be v\n«hed 
off before the pH of the moisture is increased (by attack of tlic zinc) to a value at 
which basic zinc carbonate can form In marine locations, protective filing, usually of 
basic zinc carbonate, are formed and may retard corrosion In rural or suburban areas, 
water is the principal corroding agent, and carbonate films are also formed 

Thickness of Coating If the protection were directly proportional to the thickncw 
of zinc, the corrosion rates giv en in Table I, column 7, should be constant for a given 
location and type of specimen and coating 

For hot dipped sheets and for zmc-coated wires, the corraion rates arc nearly 
constant, and the variations bear no systematic relation to the thickne«s However, 
the electroplated sheets m New York Pittsburgh, and Washington, inchuhng data for 
Washington obtained since publication of reference 25 showed an average rate of 
corra'ion for 1-mil coatings that was I 4 tunes that for 02 mil coatings, 1 0 , the thicker 
coatings lasted only 35 times as long as those that were one-fifth as thick There w 
no simple explanation for thus departure of the cloctrophtcd coalings from a life 
assumed proportional to the lhickiifc» 
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Type and Purity of Zinc Coatings. Strictlj- comparable data on the protective 
value of the four types of zinc coatings, liot-dippcd, electroplated, eherardized, and 
.‘^prayed, are not available. Existing information indicates that, in general, a given 
thickne.ss of zinc, however applied, furnishes roughly the same protection to steel. For 
example, the unweighted average rates of corrasion in mils per year on sheets in all 
comparable locations in Table 1 arc hot-dipped, 0.17 ; electroplated, 0.14 ; and sheet 
zinc, 0.12. In the exposure tc.st.s of electroplated panels [25] a single set of hot-dipped 
zinc (0.9 mil) with edges protected rv.as included. In the “mild” locations, especially 
Washington, D, C., the rate of failure of the hot-dipped zinc was nearly twice that of 
the electroplated zinc. In New York, tests in the Bell Laboratories [21, 28] showed 
that the electroplated zinc lost weight a little more rapidlj' than hot-dipped zinc. 
Further studies are needed to determine whether these difTcrenees are real. 

Tvi’k.s or r.i.KCTHoi’i, \TKn zinc. No significant difference was observed in the A. E. S. 
test.s [25] in the behavior of zinc coalings deposited from acid and cyanide bath.s. 
Prcvioirs reports [20] of the .superiority of cyanide zinc deposits probably involved 
the better throwing power of the cyanide batlrs, which results in more uniform dis- 
tribution of the zinc, especially on irregular shapes. In the A.E.S. study, the coatings 
were uniform within about 10%; hence differences in the throwing power did not 
enter. 

CoMPo.siTi: coATi.Nos iNCLuniNG ZINC [23]. Deposition of, c.g., 0.5 mil of nickel 
(with or without a final layer of chromium) over 05 mil of zinc on steel rc.sulted in 
coalings that tended to bli.ster, even in protected storage. On exposure, white .spots 
appeared at pores in the nickel, and there was a tendency for subsequent peeling of 
the nickel. The protection afforded against rust of the steel was less than that offered 
by 0.5 mil of zinc alone or by 1 mil of nickel. The presence of a copper Layer between 
the zinc and nickel slightly improved the protection of the steel, but still yielded 
.spots and blisters. 

A thin coaling of chromium directly over a zinc coaling on steel soon discolored 
and flaked and gave Ic.ss protection than the zinc alone. 

Ali.ov COATI.NOS. In recent years a proce.ss'*' has been developed [32] in which nickel 
is plated on steel, followed by a layer of zinc, after which the composite coaling i.s 
healed to a temperature at which the zinc and nickel form an alloy. The two metals 
may also bo codepasited [31]. No con'clusive data are available on the relative 
protective value of these and pure zinc coalings. 

PriiiTY. The approximate equality of the hot-dipped and sherardized coatings, 
which contain Zn-Fe alloy.s, with the electroplated zinc, which is usually nearly pure 
zinc, indicates that iron is not a detrimental impurity in the zinc coaling. It is 
reported [28] that in hot-dipped coatings lead, cadmium, and tin, up to a few tcntlvs 
of a per cent, arc not detrimental, Init that antimony and copper are objectionable. 

Shape and Position of Articles. Data in Table 1 show that the corrosion rale of 
zinc is higher on wires, c.^pecially on fine wire.s, than on panels. /M .Sandy Hook [17.A], 
panels inclined about 30° from horizontal corroded more rapidly than vertical 
specimens. No doubt more fog, spray, and dust settled on the inclined panels (ju.st 
as in the salt spray, p. 970), and thereby accelerated corra-ion. 


connosiON in aqueous solutions 

No comprehensive .sernce lest.s of zinc-coated steel in water or aqueous solutions 
have been reported. The effects of f-uch factors as temperature and the concentrations 
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of dts o!\ed 0x3 gen carbon dioMde and salts upon the corrosion of the xinc coating 
are p^obabI^ similar to tho e on anc (“see Ztnc p 331) although the pre ence of 
other metaU such as anj e-tpo ed steel ma> introduce electrochemical effects 

The degree of electrochemical protection afforded to steel u directlj related to the 
conductnitj of the eurroundmg medium In <5ea water, zinc maj protect c\po«ed steel 
to a distance of e\ eral inches whereas m pure water small exposed area.s such as 
cut edges will rust in a short time 

The u^e of gahanizcd steel pipe for domestic water supplies is of considerable 
interest E\i ting data [34] indicate that m cold water the zinc exerts electrochemical 
(cathodic) protection to the steel Howeier the Zn Te alloy adjacent to the «lcel is 
not «o readily attacked as the pure zinc laj er hence ruating of exposed steel ina> occur 
while «ome alloy la3er is still pre^nt The alloj lajer does howeier, retard pitting 
of the steel The life of the zinc coating maj be appreciablj mcrea ed bj the ultimate 
deposition from the water of compounds eg of calcium inside the pipes 

In hot water cspeciall3 between 50“ and 60“ C {120“ and 150" F) the zinc coating 
affords little electrochemical protection against corrosion of exposed steel posubb 
because the zinc becomea electncall> insulated b3 its corrosion products or because 
under these conditions the potential between the zinc and sled becomes small and 
the zinc may e\ en become cathodic (29J to steel 

Additional data on tho protective value of zinc coatings m water pipes are contained 
in a recent report [3Q] on pipes which were subjected to 15 >car5 of eervice m 
Baltimore "Nlith cold water, the pit depth (based on the average of the ten deepc«t 
pits in a 2 ft length of pipe) of galvanized pipe was only about one half that of 
uneoated pipe Howev er with hot water (40* to 60“ C 105* to 150* F) tho pit depth 
of the galvanized pipe was one to two times as great as the pit depth of uneoated 
pipes 

Most impurities m the zinc coating do not affect its protective value in aqueous 
solutions However it was found [381 that 02% or more of tin in the zinc coating 
accelerated failure of the zme and rusting of the steel when used in watering troughs 
For example normal coatings lasted as much as 15 jears whereas with tin pre cut 
lhe> failed in a few years No such difference was observed in the atmo^p! cnc 
exposure of zinc coatings with and without tin 


CORROSION I\ SOILS 

Corrosion of pipes in «oil is complicated b3 the fact tint the compo. ition nnd 
texture (therefore the drainage) of the «oiI may var3 widel3 even within slort 
distances In addition, the water content of the soil the concentration of dissoU ed 
salts and oxvgen and the pH may change over short periods of time In many soils 
uneoated steel pipes rust rapidl3 and large pipes are usuall3 protected with bituminous 
coatings Pipes with hot-dipped zinc coatings m^ide and out, are frequently used 
for water service pipes not more than 4 in (10 cm) in diameter 
Extensive tests conducted b3 the National Bureau of Standards since 1922 [20 27 
30 and 35] included galvanized pipes (data arc given jn Tables 11 and 12 p 4G1-4C2) 
Conclusions were ba'cd on loss in weight (corresponding to average corrosion) and 
on measurements of pit depths The two critena give roughly parallel results except 
in poorl3 drained soils where there la relatively IceS pitting 
The behavior of zinc coated pipe was determined on two lots of matcnal one of 
which [26] was buried in 1922 and the other {Sa] m 1937 The <lata from the two lots 
were not consistent as the second Jot deteriorated as much m 4 3 ears as the first Jot did 
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in 10 yrar«. The rca.=on for this flificrenco i? not kno;\Ti. Tlowovcr, both fpIs of data 
are con'istent in phowinp the dccreaFc in rate of corrosion of the pipe brouglit about 
by the zinc coating. Most of the example? given in the following paragraph.? are taken 
from the first set of the .=oil corro,sion results. 

It w.as found that galvanized steel pipe.? do not corrode appreciably until mo.st of 
the zinc has been removed. In forty-five locations zinc coatings with 2.S oz zinc per 
sq ft (4.7 mib) protected the steel from ruffing or pitting for an average period of 
10 year.?. Coatings with at lc.ast 2 oz zinc per sq ft (3.4 mils) arc recommended for 
service pipes. 

Zinc-coatcd pipe.? fail mast rapidly in tho.-c .soils in which steel corrodes quickly. 
The average weight loss per year of zinc-coatcd pipes in forty-five locations varied 
from 0.005 to 0.9 oz per sq ft, and of nncoalcd steel pipes from 0.17 to 2.5 oz per sq 
ft, i.c., the uncoated .steel corroded about three times .as rapidly as the galvanized 
pipes. The rate of lo.ss in weight of a galvanized pipe increiuses when the .steel is 
e.\po=od (1) bccau.se the steel accelerates the corrosion of the zinc, and (2) because 
the .steel corrodes more rapidh’ tluin the zinc. 

Because pitting of the steel docs not occur until most of the zinc has disappeared, 
tlie pit depths depend on the tliickness of the zinc coating. In one series of tests, 
pipes witli 2.8 oz zinc per sq ft showetl, in 10 years, pits in only one of forty-six 
locations, whcrc.xs bare steel pitted in all locations, with an average pit depth of 
O.O.SO in. In another scrie.s of tests, in 10 j'cars pipes with 2.3 oz zinc per sq ft had 
average pit depths of 0.007 in., whcrc.as on plain steel the pit depths averaged 
0.0G3 in. 

Reported observations [27] on galvanized pipes in service do not entirely confirm 
the above tests. In a 17-year period, galvanized gas service pipes in Philadelphia 
failed about a.s rapidly as uncoated pipes. This rapid failure of the zinc coatings in a 
large city m.ay have resulted from (1) electrolysis from stray currents, or (2) acceler- 
ated corrosion of the zinc-coated pipes when they were used to repair systems con- 
sisting mainly of bare steel pipes. The data based on tests by the National Bureaii 
of Standards were obtained in rural locations where electrolysis or contact with other 
pipes was improbable. 
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NICKEL AND CHROMIUM COATINGS 
■\V. A. Wesley* 

By far the larppsl of nickel and chromium coatings is for objects whicU must 
not onlv be protected from corradon but must also present a bright and pleasing 
appearance. Tlic corrosive environments in which tin’s appearance must be maintained 
include all kind.s of jitma'phercs, outdoors and indoors, as well as perspiration, soap, 
and other cleaning .solutions, foodslufis, and beverages. Resistance to moderate 
heating is required in some applications. An important reason for using nickel coatings 
on bra,''’ articlc.s is to prevent ."^e.ason cracking. Nickel and chromium arc normally 
pa.‘s=ivc under all these service, conditions, and therefore fall into the cl.ass of cathodic 
or “noble” coatings when applied to such b.asis metals .as .steel, copper, bras.s, zinc, 
aluminum, or magnesium. If thin coatings could be prepared commercially, entirely 
continuous and free from pore.s, then it would be simple to calculate from the data 
on corrosion of the coating metal itself what minimum thickness must be specified 
for the intended service. Unfortunately, discontinuities are present in all commercial 
coatings le.s.s than .about 25 microns (1 mil) thick, regardless of the method by which 
the films are applied- Upon exposure to corrasivo environments, additional pores are 
developed. Since cathodic coatings do not afford galvanic protection of the ba.sis metal 
laid bare at di.scontinuitics, it is necessary to insure complete coverage or else to 
reduce corrosion at pores to a negligible rate. 

Connosiox at Pores ix Cathodic Coatixgs 

It is generally believed that the galvanic corrosion of the basis metal at pores in 
a cathodic coating is under ro.sistancc control.t' The electrochemical rclationshijis 
involved can bo represented by the simple diagram of Fig. 1, from which the cathodic 
polarization curve for the basis metal is omitted because the local cathodic process 



Fig. 1. Polariz.ation Diagram for Corrosion at Pores in a Cathodic Coating. 

at the b.nse of pore.s is .stifled by corrosion products, and the anodic curve for the 
coating metal is omitted upon the a.ssumption that the latter remains substantially 
pa.si'ive. 

With light coatings the ra-i.-fance of the galvanic circuit R^^ is small because there 

• ncsrarcii I.a!)oratorj’, Tlic International .Xicfccl Co., Inc., Bayonne, X. J. 
t Typ^ of e intn,! are iliecu—H bcKinninK p. 4SG. 

* T. P. Hoar, J . Tech . Soe ., 14 , 42 (1935). 
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are man 3 pores and the length of the re»tricted path® through which the current must 
flow la small A relatn elj large total current Uj) flows Increase in thickness of the 
coating rauea the re i«tance rapidly bj decrenaing the number of pores decreasing 
their diameter and increasing their length A much lower total current ^^) results 
from this difference in resistance 

The question of the intensitj of attack that is the value of 7 over A the anodic 
area ha* been discusoed bj Evam ,2 who proposed an equation based on Ohms Law 
J E _EA' 

A AR~ tAl 

where A =• the combined cro^s section of the pores 

E = the operative emf = E, — E» (difference between polarized cathodic and 
anodic potentials) 

p = the specific leoi^tivitj of the corrooive electrolyte 
t » the thickneaa of the coat 

According to this formula the total corrosion of the basis metal can be reduced as 
much as desired bj merely increasing t The ratio A /A which lo equal to one with 
very thm coalings does not become greater than one but less a* t is increased 
therefore the tnfeiistti/ of attack 1/A mu«t dimini-b 

Application of Decorative Oatings 

The so-called decorative coatings of nickel and chromium are almost univer«all} 
applied by elcctrodepo^ition It is cu>tomar> to plate parts after fabncation but the 
u^e of pre-platcd strip was increasing «barpl> before 1941 and will undoubtedly gain 
in popularity because of lower fini hing co»ts and greater uniformity of coat ng 

Nickel Plating The corro-ion engmeer need not be concerned with the many 
nickel plating processes in commercial use becau e no important influence has been 
demonstrated^ of variations in plating solutions and conditions upon the protective 
value of sound coatings The protective value u governed primarily by the thickness 
of the coat It is true that the quality cleanliness and smoothne^ of the ba^ia metal 
surface influence the poronty developed in the coat but the effects of these variables 
themselves become less important as the thickness of deposit is increased A good 
remme of modern nickel plating practice is now available in convenient form"* 

Chromium Plating Chromium plating practice is quite well standardized ^ The 
plating condifiona exert some influence upon the porosity of the deposit® Le^ porous 
deposits are «ecured at 35® C (9o® F) than at higher temperatures and the u«e of a 
high sulfate ratio la likewise beneficial Again however the principal factor influencmg 
protective value is the thickness of the depojt which will be discussed below 

pROTECTivx Value of Decor-ative Coatings 

The porosity of nickel electrodcposits on various basis metals as measured by 
conventional porosity te^ts* is extremely variable at thicknesses below 2o microns 

• See ilelal Ci>aftRff5 p 1032 lor discuseoa of poi03 ty teats. 

* U R. Evans ilelallie Corronon Patnnlg and Frotftitm p 5S1 Edward Arnold and Co London 
1937 

* W Blum and P W C ^Itransser J Retforeh Aatt Bur Standariij 2A 443-47< (1940) 

L.Pnner G Soderberg andE M Baker VetUm BUetroplal ng pp 23o-274 Tbe Electrochenuesl 
Society 1942 

*G Dubpernefl VoUm Eledroplanng pp J17 1*3 The Electrochem cal Soc ety 1942 

• VV Blum P VV C StrauB“cr and A Brenner J Reaeareh Noll Bur StardardA IS 331~355 (1934) 
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(1 mi!)." jNIa^t of the reported value? for s.ait .cpray and fcrroxjd tc.sts lie -ndthin the 
.shaded area of Fig. 2 and its extensions. When the best plating practice is fonowc(i 
and good quality basis metals arc employed, the ratings will lie near the left and 
lower borders of the shaded zone. The fact that an increase in coating thickness above 
25 microns (1 mil) tend.? to override other variables and guarantee low pora-^ity is 
evident from the necking down of the shaded zone to the right. 


THICKHESS. MICRONS 



Fig. 2. Results of Conventional Porosity Tests of Nickel Coatings. 

The minimum thickno.=s of depasit required to maintain a plca.'ing appearance 
varies with the nature of .service. This point is illustrated in Fig. 3, where coatings 
125 microns (0.5 mil) thick .showed approximately the .same rating in suburban 
atmo.sphercs a.s those 25 microns (1 mil) tliick in marine atinosidieres, whereas a 
thickncs.s of 50 microns was required to equal this performance at industrial sites. It 
has been estimutedt' that plated coatings which maintain a satisfactory ajipcarance 
for more than a year in the suburban atmosphere.? reprc.=ented in Fig. 3 will l.ost 
almost indefinitely indoors under normal household or ofTicc conditions. 

Effect of Nature of Basis Metal. Occ.asiom; may arise when the choice of b.a.sis 
metal may be influenced by the thickiic.-« of coating required for .sati.sfactoiy pro- 
tection of the metal selected. Figure 4 is taken from one of the reports of the 
cooperative exposure tc.st?.o From this figure can be judged the relative thicknc.s.scs 
of coating required on different ba.«Ls metals to afford about the same degree of 
protection to each. Thu.s a coating thickne.^s of 30 micron-s (1.2 mil.s) on steel was 
about equivalent to one of 25 micron,? (I mil) on zinc alloy.? or 10 micron.? (0.4 mil) 
on the bra.s.scs. 

Bright-fini'hed aluminum alloy.si''.ii can now be prepared with coatings of adhe.sion 
strength exceeding the tensile strength of the aluminum alloy itself.^- Exposure data 

’ O. Raurr, It. Arntll, anJ W. Krau«c, Chromium Plating, pp. 12S, 192, tran.«latc<l by It. W. Parker, 
ndward Arnold and Co., London, 1933. 

* \V. Blurn. V. W. C. Siraussor, and A. Brenner, J. f{r*tarch Xail. Bur. Star.d^trdf, 13, .331-35.3 (1934 ). 

® 'V. Blurn and P. W. C. Strnu«ier, Betforeh Xatl. Bur. Btaiidardr, 24, 413-474 (1940). 

R. IL Pettit, Aluminum Company of America, private communication. 

** IL P* Yatr^, Pro^. .In EUcirvplalrra' .S’oe. C«>nrcn/ibn, p IIS, June, 1943, 

“ n. R. Kn.app and W. A. Wcaley, Kcacarch I.3borat<ir>-.Thp Interiiatiorial Nickel Co., Inc., unpublislied 
data. 
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for plated aluminum alloj s are not 5 et available For mild outdoor exposure the 
minimum thickness of nickel should be 40 microns (I^ mils),® with hea\ner 
coatings mdicated for more severe service 


THICKNESS MICRONS 



TKCKNESS MILS 


Ro 3 Protective ^ alue of Isickel Coatings 
on Steel 

IS nuinlhi eipcsure cl 

Suburban utes tT’aabicgloQ D C and Stale 
College Pa. 

Manne nte* Key West Pla, and Sandy Hook 
NJ 

Industrial sites Nerrlork NY and FSttsburgb 
Pa. 

^^el^c4 of ratinp epenraen' 

Corrttponding 

Surface Pereentage 

Rutted ^ Store 

0 5 100 

0 to 5 4 SO 

S to 10 3 60 

10 to 20 2 40 

20 to 50 1 20 

50 to 100 0 0 



TKCKNESS MILS 


Fio 4 Effect of Thickne's of Nickel (or 
Nickel Plus Copper) on Percentage Score for 
One Year Exposure 

Sletbod of rat ng epecimena given la Pg 3 
Average of au local one All final uekd 
eoaiingt covered intb 05 micros (0 03 mil) of 
chromium. 



Tolal Thctneif 

fkG 5 Effect of Copper Nickel Ratio on 
Protective Value of Thin Coatings on Zinc 
Alloys 

Total coating thickness 0 5 m3 (12 6 microns) 
Final coating 0 03 iml (0 5 micron) chromium. 
Exposure period 2.2 years. 


Nickel plating of magnesium alloys is still a laboratory process^^ The difference 
m potential between magnesium and mekel is *o high that a truly impervious deposit 

^ Aluminum Company of Atnenca FinuAes/or Aiueiinum p 54 1933 
» W S Loose Trant Eleetroehem Soc.Sl 213 230 (1942) 
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ivoiilfl Iip rcquirrd for rr^iftancp to outdoor a{mo.=phprc.=:. At the prcfcnt Ftaco of 
development, coating? 25 microns (1 mil) thick are satisfactorj' for indoor service 
vrhere contact with aqueous solutions docs not occur. 

Effect of an Intermediate Layer of Copper. The extent to which copper c.an be 
substituted for nickel in decorative roatiiigs in order to reduce cost.-? and to. take 
adv.antapc of tiic greater ea.'C of bufiing copper is still a controversial subject. It is 
known that oven a relatively thick coaling of chromium applied directly to copper 
with no intervening nickel offers little resistance to weathering. It is also well 
established''’ that compo.=itc copper and nickel coalings on steel and zinc alloys are 
lower in protective value than nickel coatings of the same thickness. However, the 
importance of the effect varies with the total Ihicknc.ss and in different atmoqdieres. 
Representative data .^’elected from the cooperative tests''’.^*' are presented in Table 1 
and Fig. 5. Definite evidence is now at hand't that copper corrosion products spread 
upon the surface of a chromium and nickel-plated steel panel cause accelerated corro- 
sion of the coating in an industrial atmosphere. This helps e.xplain how a copper layer 
in a composite coating can sometimes be harmful. 


TAntr. J. EFFECT OF AN INTERMEDIATE L.\YER OF COFFER ON THE 
PROTECTIVE VALUE OF NICKEL COATINGS 

Basi-s Metal; Steel 


Thickncf^ in Micron.^ 
nnd Order of Layers 

Total 

Thickness 

Duration 

of 

Exposure 

. Deviation in Score* 

from that of Nickel 

Controls of Same Thickness 

Ni 

Cii 

.N-i 1 

Cr 

Micronp 

Mils 

Years 

Suburban 

Industrial 

Marine 

1.2 

2.0 

3.2 


■9 

0.25 

1.5 

—16 

0 

—0 

2.5 

3.S 

O.o 


mSm 

O.S 

1.6 

+ 5 

+ 0 

—13 

6.0 

7.. 6 

12.5 


mSM 

1.0 

1.6 

+ 4 

0 

-25 

10.0 

l,j.0 

26.0 

.. 

60.0 

2.0 

1.5 

+ 4 

— 4 

—10 

6.0 

7.6 

12.5 

0.5 

26.5 

1.0 

2.2 

+11 

-10 

—13 

5.0 

12.5 

7,5 

0.5 

25.5 

1.0 

2.2 

+ c 

—12 

—15 

10.0 

15.0 J 

25.0 

0.5 

50.5 

2.0 

2.2 

0 

-21 

+ 5 


• For method of scoring, see legend of Fig. 3. 


In plating on zinc alloy.s, a .special bath rau.<tt be used if nickel is to be depasited 
directly upon the zinc alloy. This proccs.s is more difficult to control than that of plat- 
ing copjK'r on zinc .-o that it i.s customary to coat zinc alloy.s with copper, followed by 
nickel, before chromium plating. Regardle-s? of the total thickne.ss of coating deemed 
.sufficient for a given type of service, it is important to have an adequate thickne.s.s 
of nickel over the copper layer to prevent surface staining and attack by copper corro- 
sion products. A final nickel layer at leiust 7.5 microns (0.3 mil) thick on articles 
intended for mild .service, and at le.a.st 12.5 microms (0.5 mil) thick for outdoor 
expo-surc Is recommended for this purpose. 

Effect of Thickness of Chromium. The rc.a.=oas why the entire thicknc.-.s of 25 to 
50 micron-s of coating for overcoming porosity i.s not generally applied a.s chromium 
alone arc that heavy chromium plating is a more costly procc.s.s than nickel plating, 

" \V. niam imd V. W. C. Slrau**i'r. J. iTfj'orcA ,Ya(J. Bur. Blnniiard-r, 24. 443—174 (1040). 

■MV. niiim. P. W. C. .Slraies/-r. nml A. Jlrcnner. J. Hrrea-ch Xntl. Bur. .Standard’, 13. 331-3M (1034) 

'■ W. A. Wc*!ry and B. 14. Kn.’.pp, The Intcrnatinnal Nictcl Co., unpubli.'lied dal.a. 
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chromium is more brittle hea \-3 deposits of it are extremelj difficult to polish and 
it 13 much more difficult to obtain uniform diistributioQ It is cu:5tomary to depend 
upon nickel to pro\ ide the resistance to corrosion and apply a thm chromium deposit 
whose function is to pre\ ent tarnishing or fogging of the nickel surface 

As a chromium deposit grows in thickness, 
mlemal stresses become sufficient when a 
thickness of about OA micron (002 mil) is 
reached to cau e fine hairlike cracks As the 
growth proceeds, the number of cracks m 
creases until metal begins to deposit over the 
cracks first formed The presence of these dis- 
continuities seems to have no deleterious 
efiect upon the total protective value except 
m coatings on brass where the cracks are 
apparently propagated through the thin nickel 
depoEiits emploj ed This has been suggested^® 
as a reason for the perplexing differences in 
the effects of chromium thickness m coatings 
on brass, zinc, and steel as illustrated in Fig 6 
There «eenis to be genuine merit in the 
heavier coatings on a steel base 
Effects of Intermediate Zinc or Cadnuum 
Layers The cooperative exposure tests^o led 
to the conclusion that the u»e of zme or cad 
mium under nickel causes white stains and 
blbteriDg without mcreasing the protective 
value of the coating 

SpEcincATios roB Decorative Coatings 
The history of bright finishes has been a record of repeated increases in the thickness 
requirements and there is good reason to believ e that the specificationi now in v ogue 
do not represent the end of this upward trend The present statu* is indicated by 
the repie^entative codes in Table 2 Details of other features of the 'Tjecificalions 
such as the selection of samples definition of significant surfaces and determination 
tfi foerzid wu kbe xvSad va 1 Bv'A'cii 'tr.irJjrA was. 

rev lewed m 1940 “’o 

It IS important to realize that the thickness of an electrodeposit varies considerably 
ov er the 'urface of most plated articles «o that the average thicknc*s actuallj required 
m order to meet specifications may be as much as several times the minimum 
thickness epecified 

Non-Decobatiye Uses or Nickeu Coatings 
Thick Electrodeposited Coatings If the basis metal is one of smooth clean 
surface, such as a good grade of cold tolled steel, it is necossarj to allow only about 
0 075 mm (0 003 m ) thickness of mckel to block out pore* and then add to this 
the amount of mckel estimated to be required for withstanding normal corrosion 

•’W Blum and P W C Strausser J RfMorehNatl Bur Standards 2i 443-474 (1940) 

**W Blum P W C StrauBser andA Brenner J Restarch Sail Bur Standards 13 3j1-35i> (1934) 
A. W UothersaU \Ietal FtnuAtnif 38 27 (1940) 


Thickncss or cr microns 



TniCKNCSS of cr MILS 

Fjo 6 Efiect oi Cbromium Thickness 
on Protective Value of C)omposite 
Coatings 
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Tahu; 2 . r.XCKRPTS FROM A. S. T. M. SPECIFICATIONS FOR 
ELECTRODEPOSITIJD COATINGS 

fi = micron = 1 X 10“^ cm 


A. On Steel* 


Kinrl of pm'ice 

Non-corrosive 

Mild 

General 

Severe outdoor! 

Coaiin/? dr^ij^nntion 

Q.S. 

K.S. 

r.s. 

D.S. 

Total copper phis nickel, minimum 

O.-i mil (iO^i) 

0.7,/ mil (19;/) 

1.23 mil (31p) 

2 mils (51 fi) 

Thickness final nickel, minimum 

0.2 mil (jm) 


0.0 mil (l.V) 

1 mil (25;/) 

Chromium (if required), minimum 

O.OI mil (0.2.'>;i) 

0.01 mil (0.2.'m) 


0.01 mil (0.25p) 

Salt spray 

No. of pores developed during the 

IG liours 

IS hours 

72 hours 

90 hours 

salt spray test, maximum 

G per eel 

G per eq ft 

0 per eq ft 

G per eq ft 


B. On Zinc and Zinc-Unre AlloysS 


Kind of pervicc 

Coating designation 

Total copper plus nickel, minimum 
Copper, minimum 

ThickncM final nickel, minimum 
Chromium (if required), minimum 
Salt Bpray testt 

No. of porca developed during the 
salt spray lest, maximum 

Xon-corrosix'o ] 
Q. Z. 

0.5 mill! (12.r,p} 
0.2 mil {5p) 

0.3 mil (7,5p) 
0.01 mil (0.25 m) 
10 hours 

G per sq ft 

Mild 

K. Z. 

0.75 mil (I9 m) 
0,3 mil (7.5/i) 
0.3 mil (7.5m) 
0.01 mil (0.25m) 
32 hours 

G per eq ft | 

General 

F. Z. 

1.25 mil (31 m) 
0.4 mil (10 m) 
0..5mil (12.f)M) 
0.01 mil (0.23 m) 
tS hours 

G per sq ft 


C. 

On Copper and Copper-Base Alloy 


Kind of service 

Non-corrosivo 

Mild 

General 


Coating designation 

Q. C. 

K. C. 

F. C. 


Nickel, minimum 

O.I mU (2.5m) 

0.3 mil (7.5m) 

0.5 mil (12.5 m) 


Chromium (if re<iuircd), 





minimum** 


0.01 mil (0.25 m) 

0.01 mil (0.25 m) 



• 19-12 Book ■>/ .1. S. T. M. stanilord^. Part I, p. Hj-l. 

1 Report of Committee B-S, .1. S. T. M. Preprint, p. 5, 1045. 
noil Bonk of A. S. T. -1/. Standards, Part I, p. 1S43. 

5 1912 Booh of A, S. T, .If, Standards, Part I, p. 1401, 

!] Total of 0.3 mil 17. Up) if alternative of nickel only is usctl. 

^ 1912 Book of A, S. T. Standards, Pan 1, p. 14.13. 

•* Chromium coatinRs 0 03 mil (1.25^1 or more in tlnckncfa are likely to eau»e cracking of nickel de- 
posits on bras-s. An effort should tlicreforc bo made to obtain the rcriuired minimum thickness of chro- 
mium uitli ns low a mnsimum thickness ns practicable. 

in tho prc.=cribcd .vorvico by reference to the corra=ion rato.3 for iviouplil nickel given 
in Nirhtl, p. 253. If .an inferior btt-c k to bo prolccted, ;in mJfJilional aJlotv.'ince fhoiiki 
bo made. It is commercially commonplace to deposit layers of nickel as thick a.s 
7 mm (2S0 mils). 

Typical applicatioa--i of cIcctrodcpa=itcd nickel coalings to resist corrosion include: 

1. Printing plato.= and rolls to re.skt corrosion by and avoid contamination of inks. 

2. Lehr rolls in conttict -with hot glas.?. 

3. Press plates and cnibo-sing rolls in the pla.stics industry. 

•1. Filter pre.s.s plate.s for caustic .^oda .'ohition,s. 

5. Paper mill rolls, including drier, table, wire return, paper guide, and return rolls. 

« W. A. \Ve*hy. .Monthh Bcr. Am. Blectroplalers Soe., 25. .'>Sl-«)3 (1933). Revi-ed and r.'printed by 
The InternaiKinal Nickel Co., Inc., 1941. 
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6 Alkaline storage battery containers and parts 

7 Anodes m oxj gen-hydrogen electrolytic cells 

8 Stop o5 m nitnding steel 

9 Sucker rods for corrosive oil wella 

A recent deielopment is the discovery that electrodeposited nickel becaxue of its 
purity IS much more resistant to oxidation by steam at high temperatures such as 
600® C (1110® T) than are the common grades of wrought nickel 

Nickel-CIad Steel This composite product is steel protected on one side or both 
with a pore free layer of wrought mckel which is bonded metallurgically to the steel 
base and cannot separate from it as a result of thermal or mechanical treatment It 
is a\ailable in large and thick plates and is used in the construction of mas«ive 
pressure \ esoela e\ aporators, storage tanks tank care, and other types of equipment 
where the chemical and mechanical properties of mckel are required at a lower cost 
than that of the solid wrought nickel Standard claddings of 5, 10, 15 and 20%, on 
one or both sides are available 

Since the nickel layer is identical with wrought mckel its corrosion resisting 
properties are not different from those of nickel described m Nickel p 253 It is 
important for some types of service to inspect the nickel surface for embedded 
particles of steel or «cale If such are found, they should be removed by pjcklmg 
to avoid the danger that they might serve as nuclei for the development of pits 

Sprayed Coatings Nickel coalings can be applied by metal “praying but if they 
are intended for corrosiie applications they must be made relatiiely thick A 
minimum thickness of 0 8 mm (32 mil») is recommended becauoe of the high porositj 

Alloy Coatings A field of development which is very active at the present time 
is that of extremely thin coatings of nickel alloyed with the basis metal or with 
superimposed layers of other mctab by diffibion Thus nickel zinc diffused coatings 
show amazing resistance to the standard salt spray and nickel tin coatings show 
promise as coatings for food containers Nickel iron coatings on steel made b\ 
displacing nickel from a dissolved salt solution by simple immersion and subsequent 
diffusion of the nickel at elevated temperatures reduce the rate of atmospheric 
corrosion of the steel base to the level of that of a 3%> nickel steel 25 The amount of 
nickel applied is only 0 5 micron (0 02 mil) It is too early to evaluate the ultimate 
importance of this work 

CQ'RB.aaiQN BESISTAN.CK QF GHRQMlU^l 

The behavior of thm deposits of chromium has been discussed above in connection 
with decoratii e coatings When chromium coatings are applied for corrosn e industrial 
service a thickness of a much higher order is commonlj specified i e not less than 
75 microns (3 mils) In electrodepositmg thick chromium the metal deposits ov er the 
cracks formed in the initial layer and while additional cracks continue to form thej 
do not extend to the basis metal In addihon to the thickness of the coating the rate 
and other conditions of depo ition as well as the condition of the basis metal surface 
affect the porosity Proper preparation of the onginal surface to eliminate pits and 
flaws IS essential It is the corrosion resistance of heavy electrodeposited chromium 
that will be considered m the following section 

N SkjnnerandJ T Eaih Tram Am Soe Mtch Eften 66 289 (1944) 

R Bimbach Metal Ftnuhtng 39 360-364(1941) 

R Copson and W A Wesley Trait Electrochrm Soe 84 211 224 (1943) 

A Wesley and n R Copson unpoblisbed data Research Laboratory The International Niokel 
Co Ine New York N Y 
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Aqueous Corhosion' Chaiiacteristics 

Chromium in the pa.^^'ivc condition is outstandingly corrasion-rcsistanl. It is not 
employed in contact with reducing solutions or with the halogen acids or sulfuric 
acid solutions where passivity is la.4 and the corrosion rates arc high. Di.ssolvcd 
oxygen from air is -sufTiciently oxidizing to maintain the passivity of chromium in 
neutral solutions, but in mast solutions of low jjII, stronger oxidizing agents mu.sl be 
present and the halogen acids al>?ent in order to stabilize the passive condition. It 
resemble.? the more highly alloyed stainless steel? in its general corrosion behavior. 

In most of its applications, chromium is cathodic to the common metals and alloys 
and tend.? to accelerate their rates of corrasion if galvanically coupled with them. 
There appears to be no evidence that chromium, in media in which it normally 
remains passive, can be caused to corrode rapidly by galvanic contact with other 
metals.* It is only the po&'iblc cfTcct of .such contact upon the other member of the 
couple that need be considered. 

Data of Table 3 represent the rc.sults of simple continuous immersion tc.sts and arc 
useful only as a basts for intelligent guessing as to the u.sefulncss of chromium plate 
for .‘-■pccific corro.'ivc environments. The authors of the data interpret them in the 
light of practical experience with chromium coalings as follows; 


Pcnclration, ip’j 

O.OOQ to 0.003 
0.003 to 0.020 
0.020 to 0.000 
Over 0.000 


General Classifimlion af the 
Carrorirc Medium 
Non-corrosive 
Mildly corrosive 
Severely corrosive 
Prohibitively corrosive 


References to other aqueous and non-aqueous corrosion data are available in 
convenient summaries.-®/-".-'* Many of the u.«es of lieavy chromium based pri- 
marily uj)on its hardne.?.? and rc.sislancc to wear also involve a certain degree of 
resi.stancc to corrosion.-®.-® 


IIigh-Te.mper.vture Corrosion 

The rate of attack of various atmo.splicrc.? on c.a.st chromium (9S.1% chromium) 
wa.< detormiued by Hatfield'*® with the results .shown in Table 4. 

In the gla.ss intlu.<try; chromium plating is applied to molds to prolong life and 
jircvcnt adhr.sion of the molten gla.ss. The tcmperalurc.s involved are in the range of 
750° to n.iO’ C (1350° to 1710° F). At these temperatures chromium diffu.scs slowly into 
the cast iron or steel ba-se, but the life of the part is prolonged because the high- 

* However, in ncids such ns dilute svilfuric or hydrochloric, chromium often remnins passive for nn 
nppreciahle period of time until "nciivnled" by (in cnlv.nnic contact with) nn active metal like line at a 
simtle point. The entire surface of chromium thereupon progres.sivcly loses p.Tssivity startinc from this 
point of contact, and reacts with evolution of hydrogen. Enixon. 

^ -'.M. Kolodncy, "Chromium PlalinK,” Information Release 4, War MeltillurRy Committee of the 
National Research Council. lt>43. 

r. Ritter. RorrorumrlaMten mrialliaciter Werk’toffe, Edwards Bros., Ann Arbor, Mich., 1013. 

R. J. McKay and R. Worlhincton, Corrosion Residaner of Metals and Allops, pp. 331-313, Reinhold 
Publishinr; Corp.. New York, 1030. 

W. K Pinner, G. SoderltcrK, and E. M. Baker, Afo'/em Electro jdatina, pp. 233-27-1, The Electrochemi- 
CstI Soricty, 1042, 

W. II. Hatfield, Engineer, 134, G39-&43 (1922). 
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Tsblb 3 RESISTANCE OF EIIECTRODEPOSITED CHROMIUM TO ACIDS 
SALTS AND \ARIOUS ORGANIC SUBSTANCES* 

Concentration — l0% bj weight for «oIiil solutes and 10% bj volume for liquids unless 
otherwise stated 


Simple Imneraion Tests 

1 Penetration ipy 


12»C 

6 »*C 



(136’ F) 

Acetic 

0 ooo 

0 01c 

Acetic UOO^e glacial) 

0 000 


Anthratulie (satd. sola ) 

0 ooo 


Anthraquinone 2-sulfome 

0 ooo 

0 001 

Arsemo 

0 ooo 

0 oil 

Beozene aulfooio | 

0 ooo 


Beozoic (satd. aoln.) 

0 000 

0 ooo 

Butyne | 

0 ooo 

0 006 

Carbolic (phenol) (aatd. soln.) I 

0 ooo 

0 ooo 

Chloric 1 

0 016 


Cinnamic (satd. aoln ) 

0 ooo 

0 ooo 

Citnc 

0 ooo 

0 007 

Dichioniacetic 

0 ooo 

0 062 

Diiutrobenzoic (3 a) (satd. solo.) 

0 ooo 

0 001 

Fornuo 

0 ooo 

1 200 

FuBtanc (satd. sola. ) 

0 ooo 

0 000 

Furoio (pyroaueic) 

' 0 ooo 

0 ooo 

Glueonio 

1 0 ooo 

0 ooo 

GlycoUie 

' 0 ooo 

0 0’3 

Hydrobroisue 

0 001 

0 1 S 6 

HydroSuono 

' 1 ooo 


Bjdnodio 

1 0 ooo 

0 0l9 

Lactic 

0 ooo 

0 006 

Maleic 

0 ooo 

0 018 

Mabc 

0 00" 

0 009 

Alalomc 

0 001 

0 014 

Masdelic (amisdalic) (said soln ) 

0 ooo 

0 001 

Miaed acid (36''o HNOs 61 % IliSO* 3*^ IfcO) 

0 ooo 

0 001 

MoDOchloroacetic (chloroacetie) 

0 ooo 

0 003 

Xl-KVi (sitd wAa-l 

0 ooo 

0 ooo 

Naphthalene 2 7-disuIfoaic 

0 ooo 

0 001 

Naphthiomc (satd. soln.) 

0 ooo 

0 ooo 

Nunc 

0 ooo 

0 012 

Nitnc (loo's fumins) 

0 ooo 

0 OOa 

Nitrobenioic (meW) (satd. soln.) 

0 ooo 

0 ooo 

Nitrocianaimo (meta) (satd. soln.) 

0 ooo 

0 ooo 

Oleic (lOO'^o) 

0 ooo 

0 ooo 

Oxalic 

0 ooo 

0 001 

Palmitic (loo's) 

0 ooo 

0 ooo 

Perchlonc 

0 001 


Phenolaulfowc (orpio) 

0 ooo 

0 0"6 

PhenyUceue (satd- solo.) 

0 ooo 
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Tabix 3. — Continued 


Simple lTTirncr?ion Tc^tii 

Penetration, ipy 

Acid^ 

12” C 

3S”C 

(.rI”F) 

(130“ P) 

Pho*.pIioric 

0.001 

mBM 

Pho-pLoric (SSTo) 

0.000 

BSSB 

Phthulic (?at<l. ooln.) 

0.000 


Picric (patd. foln. ) 

0.000 


Propionic 

0.000 


PyroRalljc 

0.000 

0.000 

Pyruvic 

0.000 

0.000 

Salicylic (satd. solm) 

0.000 

0.002 

Slcnric (lOO^U 

0.000 

0.000 

Succinic 

0.001 

0.010 

Sulfanilic (paid, eolm) 

0.001 

0.008 

Sulfobcnzoic {ortho) 

0.000 

0.129 

Sulfuric 

0.011 

10.000 

Sulfuric (lOOCi) 

0.030 

0.009 

Tnnnio 

0.000 

0.000 

Tartanc 

0.000 

o.oai 

Toluchc, sulfonic (r^ra) 

0.000 

0.000 

Tricliloroacuiic 

0.001 

0.103 

Salip 



Aluiiiimitn chloride 

0.000 


Aluiuinum sullnlo 

0.000 

o.oos 

Anitno G salt (sitd. ‘.nln.) 

0.001 

o.oia 

Ammonium chloride 

0.000 

o.oai 

Barium chloride 

0.000 

0.001 

Calcium chloride 

0.000 

0.000 

Calcium h>pochloritc 

0.002 

0.033 

Chromic chloride 

0.000 

0.003 

Cupric chloride 

0.013 


Cupric iiilrato 

1 0.002 

1 

0.007 

Ferric chloridof' 

0.000 

o.oir, 

Ferroup chloride 

0.000 

0.01-1 

Maitncrium chlnri<io 

0.000 

0.000 

Mancanr,«-e chloride 

0.000 

0.000 

Mercuric chloridcf 

0.079 

Potarv'Ium chloride 

0.000 

0.000 

Srhaeffer palt (paid. .*oln.) 

0.000 

0.000 

Sodium iM'nzcnc pulfonatc 

0.000 

0.000 

Sotliuni cliloridc 

0.000 

0.000 

Smhum formate 

0.000 

0.000 

S<vliunj hydropuintc 

0.000 

0.000 

Sotliurn phenol pulfonntc 

0.000 

0.(X)1 

Sodium *nlfate 

0.000 

0.002 

Siannoup chloride 

0.000 

0.035 

Slrontiurn chloride 

0.000 

0.000 

Zinc chloride 

0.000 

0.001 
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Table 3 — Continued 


Simple Immersion Testa 

1 Penetration, jpy 

Miscellaneons | 

12" C 
(«*F) 

SS"C 

(136T) 

Acid green 

0 000 

0 003 

Anunopbenol (m<to) (satd.eoIn.) 

0 OOO 1 

0 OQl 

Anilme bi droc blonde 

0 001 

0 023 

Benzjl chlonde (utd. aola.) 

0 000 

0 000 

Benzjl chlonde {loo's) 

0 000 

0 000 

Carbon tetraeblonde (satd. aoln.) 

0 000 

0 000 

Carbon tetrachloride (10Q%1 

, 0 000 


Chlorobenzene (satd. soln.) 

0 000 

0 000 

Chlotobcnienc {lOO'^ol 

. 0 000 

0 000 

Chloroform (gatd. aoln.) 

1 0 000 

0 000 

Chloroform (100^) 

1 0 OOO 

0 000 

Chlorohj droquinone 

1 0 000 

0 001 

Chlorophenol (ort/ie) (•atd. aoln.) 

0 000 

0 001 

Nitrophenol (para) (zatd. aoln. 

' 0 000 

0 001 

Paper pulp auapension 

' 0 000 

0 000 

Phthaliaude (satd. soln ) 

0 000 

0 001 

Sodium h>drozide 

0 000 

0 000 

Succuuinide (satd. eoln.) 

0 000 

1 0 001 

Tartnzme 

0 000 

1 0 005 

Tetraehlorobeniene (satd. eolm) 

0 000 

' 0 000 


* IL E CltTelftOd M M Sccrofelt &od J M no*d«w)«b uopublubed data CbroRuum Corporation of 
Amenea, I9J1 

f Ttia^ data obtained by weight (oas do not indicate true penetration except abera oorttsion te uniform 
Pitting and hence greater actual peneiratioD. la tery bkety to occur, for example a-ith oxidizing hea\-> 
metal aalta like PeCli and HgCl a EorroK. 

I For moist carbon letraclilondc a much higher corroeioo rate is expected. Editob 


Table 4 RATE OF G\IN IN WEIGHT OF CHROMIUM EXPOSED 
TO HOT GASES 


tndd 


Gas 

700" C 
(1290" F) 

8(»"C 

(t470"P) 

900*C 

(16J)®F) 

1000" C 
(1S30"F) 

Oxygen 

47 

97 

220 

630 

steam 

5 

37 

117 


Carbon dioxide 

27 

34 

130 

305 

Sulfur dioxide 

16 

39 , 

320 

3C0 


chromium alloj fir-t formed Ja itccll resistant to oxidation m, 32 Resutmee to attack 
bj reduced sulfur compounds, including hjdrogen sulfide and organic sulfur com* 
pounds, at ordmar> and elevated temperatures has led to succc_ful applications of 
chromium plate m oil refining®* 

®M Kolodney, "Chromium Plating" In/ormotion ^etraee 4, War Metallurgy Committee of the 
National Research Council 1943 

** R. J McKay and R. tV ortiungton, Convttm Remlante of iltlaU and AUen/s, pp 331-343 Reicbold 
Puhliihing Gorp., New York, 1935. 
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CImo^^0^r Coatings Applied by Diffusion 

Chromizing is a process in wliich an alloy of chromium and iron is formed on the 
surface of steel parts by diffusion. The material to be treated is packed in a closed 
container with chromium powder and alumina and then heated to a temperature 
between 1300° C (2370° F) and M00° C (2550° F) in an atmosphere of hydrogen.-'’'* The 
chromium content of the diffused kayer is said to varj- between 10 and 20%. The 
corrosion resistance of chromized steel is somewhat similar to that of high-chromium 
.‘•IccL-;. (liefer to Chromium-Iron, Avslrnilic Chromium-Nichcl-Iroti, and litlalcd 
Ihnl-Rc.dxlant Alloy'^, i). CIO.) Applications have been principally to high-tcinperature 
service in air, steam, and other oxidizing atmospherc.s. The modern availability of a 
large variety of corrosion- and oxidation-resistant alloy j^tcels has mitigated again-st 
widc.-prcad use of (his process. 

Another method for impregnating the surface of steel with chromium has been 
developed which involves heating the parts in a tube through which an atmosphere 
of hydrogen and chromous chloride vapor is p.a-ssed. Temperaturas of 900° to 1000° C 
(1C50° to 1830° F) arc required, and a surface layer containing about 30% chromium 
is obtained. Corrosion resistance is said to be about what would be expected of a 
steel containing 30% chromium.-'* 


TIN COATINGS 

BaucE IV. Gonseu* and Jame.5 E. Stbadeh* 

The largc.'t, single peacetime use for tin is in coating steel sheets to make tin plate. 
Nearly all this i.s u.'ed for making containcr.-s, particularly food cans. In thi.s way the 
strength and economy of steel are combined with the corrosion resistance, ca-sy 
soldcrability, and sanitarj' appearance of a remarkably thin protective surface of tin. 

Coatings of tin arc applied also to w’ire and to cast or fabricated iron and steel 
.'irticlc.s, such as equipment used in the food and dairy industries. Copper wire, sheet, 
and ulen-siL^ are likrwi.«o frequently tinned for protection or to prevent contamina- 
tion of products w-ith copper. 

DIetiiods or Tinning 

The most comm'on method of tinning is b 3 ' hot dipping, wherebj- the cleaned and 
pickled b.a.-:o metal i.s dipped in flux or a grea.se pot, then into one or a series of pot.s 
of molten tin, .and drained in air or in a grc.a.sc pot.b- When producing tin plate, the 
operation i.s entirely mechanized, and the coated .sheet emerges from the molten tin 
into a bath of palm oil, piussing through rolls which remove all but a vorj' thin 
coating.3.-' Normal hot dipping gives coatings of a thickness between Oii and 1 mil. 

• Tin Itwcarch Institute Sponsorship, Bntfcllc Memorial Institute, Columbus, Ohio. 

R. M. Burns nnd A. E. Schuh, Prolrclice Coatings for Mttals, pp. ISS-ISG, Rcinhold Publishinc Corp , 
New York. 193a. 

D. W. Rmlorff, '•[etal Indiulrg, 69, 101-195 (19-11). 

^1. Kr.arner nnd R. Ilafncr, "Chromiiinc ol Steel," Tram. Am. Imt. Afining Afti. Engri 164 415 
(1913). 

’ C. E. Homer, "lint Tinninc," Tin Research Instituis, 1‘uhUmtion 102, pp. 1-27 (December, 1910). 

- W. E. Ilmre and II. Plummer, "Hot-Tinning ‘Diflicult’ Mild Steels." Tin Kese-irch Institute PuKtica- 
iion 107, pp. I-2S (November, 1941). 

^ R M. Burns nnd E. Schuh, Proleclirr Coalingtfor AtriaU, pp 130-1.59, Rcinhold Publi«hinv Com 
.New York. 19.39. 

* "Tin Plate nnd Tin Cans in the Unitetl States." Tin Research Institute But/. -1, pp. 1-44 (October. 1930). 
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^hen iLing roIL or wipers to remo\e exce«=s tm as ta making tin plate or tinmn-’ 
•wire the thickness 13 asuallj between 006 and 0 11 mil This corresponds to 1 o to IS 
lb per base bo-s* of tm plate ^ot all this thickness is pure tm since m hot dipping 
an allo> lajer is formed with the base metal Usually about 10 to 15% of the tra 
is m the afioj laj er fargefj as the compound FeSn* 



Fio 1 Relation between Thickness of Tin Coating and the Irea 
of Bose Metal Exposed at Pinholes 


Tinning by eicctroclepa ifion is a well e«(abli hed and increa ingJj important 
method ''incc cconomj in tm is effected bj obtaining better Ihickne-s control and 
distribution than is possible by hot dipping ® Coating thickness maj be onlj 0 015 mil 
(02o lb per base box) the practical mimmiiai for good -solderabilitj on h gh peed 
can manufacturing lines or eten le » for can ends and "pecial products A thickness 
of 2 to 5 mils is recommended for dany and food handling equipment to gne long 
eeriicehfe As electrodcpo-ifed the fin coating has a matte finish and no allo^ la>cT 
but bj heating the product momentarily to fme the tin coating a bright reflectne 
surface and a leiy slight alloy layer are formed 

Replacement coatings of tin on copper ba.e articles giie an attractiie appearance 
and ufficient protection agam'rt. tarni hmg to be u«ed commercially under mildlj 

• A base bos of l Q plate la 3l 360 »q m of plate (O'* 720 sq in. of surface) or 11'’ abeeta 14by'’0w 

®T TT Ijpt>ert Food in Cana Iran Age 149 *’9-44 (Apni 30 t042) 
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corTn=i\f' condition': .)« in an indoor almo'plicrc and for drinking water jiipc>*'’ TIio 
roitinc i:: c\trcmc]v tiiin, however ii':ual!v ic'vs tlian 0 01 mil Hy repiacenient from 
molten ."alt Inth'- tonl lining a tin .''alt, a lioa\icr allow coating can be obtained more 
riuickh." Likewi'O, a tin-illov coiting on nio^t bn=e metal" cm be readily obtained 
In depo'ilion of tin from aolatilired '•tannoii'; chloride in a hydrogen atma'phcrc 
Tin-"pr.aycd coiting- arc frcqiientlv apiilicd to equipment that cannot be readily 
tinned by other mean'-, or for repair of equipment tint cannot be economically 
di=m intlcd for retinning Heny dep0'it5 can be built in this wav, although the 
coating fetructiire tends to be IcsS dense and more poious than when tinning by other 
conventional means. 

I’onosiTY or Covtixgs 

The weaknc"" of all tin coating- (.as well ns coating" of other metal") is incomplete 
coverage or eapa-iirc of bi-e met il at pinhole- rigiiie 1 "hows the calculated 
rel itionship between coating thicknc"" .and area of ba=e metal c\po.=cd, ns applied 
to commcicial hot-dipped tin plate’’ With heavy coatings of tin, ns on “charcoil” 
grades of tin plate, hand-dipped articles, and h.ind-tinned copper sheets, there may 
be only a few pmholcs per square decimeter. As the coating thickness dccica-es to one 
Iiound per ha-c box, the number of poig" aie of the oidci of ‘1000 to 5000 per sq dm, 
and with thinner clcctrol.vtic tin coatings it becomes iinpiactical to count the pore", 
allhouch tc-ls arc used whereby compan"on estimates can bo made Mechanical 
scratches through *thc thin, soft coating of tin also aid m cxpasing the base metal 
locally, and potential pores cxi-t where the outer tin Layer is lucking and the buttle, 
intcrmetalhc compound laver by chance h.as been mechanically disrupted when 
f.ibricating the tin plate. By clcctrodopo"iting from an alkaline bath over hot-di])pcd 
tin plate the numboi of pores has been reduced 5 to 10% of those in hol-dippcd 
coating- of eqiiil total thickness ti 

Coiro-ion of tinned metal, then, becomes largely a problem of loc.ilircd attack on 
the ba=c metal, modified by the presence of an alloy layer, tin, and tin oxide. It 
cannot be described adequately in terms of weight la"s or penetration. 


CORROSION or TIN PLATE AND TIN CAN.S 

Under norm.al condition." of c\pa"uic to the atmasphere, water, and Folutions, (m 
plate article" and the exterior of tin can" corrode at pinholo" Tin is cathodic to non 
m the tin-iron couple and actually aids attack at thc-c point", although this effect 
I" of "light practical importance Rii-t, mu-hiooming from the=c point.", soon cover- 
the tin plate, although the tin remains in place for ."ome time and affords mechanical 
protection until flaking eventually oecui-. 

Treatment of tin plate or packed cins with a hot alkaline phasphatc-dichromate 

'J D ."iilli\an mil \ E I’a\li«li, "Tmninc Copper nntl Urn?" bj Inimcmon," iV/’riat* aruJ nttei/s 11 

ni-ni (Miv. I'uo). ' ' 

^ tin Ue»eirc!i Inititule, iinpubb*lic<I data 

* li VV . Gim-er and I, I' ."loiMer. ‘ The Cmtinn of Metal" wath Tin from the Vapor Phare," Tin Re- 
•<*nrch Institute 7if (\pnl, 

® \\ r Honre "CalciiJitioii of ilir Arci of Mclnl Txpo^Ml nt in tlip 1 m Continj: 

of Tin Phi , 26, 1077 (Dcccxn>^^^, Tin H^^c^rch Tn''tU(itc Puhhcntton 80 

n Kerr, "The Te'iin:: of Continiiih of Thin Tin Coatings on Steel.' J Cli-m /nd , 61. ISI-l" i 
(Dr-eaiber, 1012). Tin Re-eareh Ia«titute Pu'limdon lie. 

”A VV Ilotheradl and VV V Hr iddiau, "Improacinent in the Qnalila of Tin Plate In Sijpr rimpo-ed 
LIcctrodcp‘-nilionoflin." g .W CL, a /nd . 51, ajO-UOT, I03S. Tin Rc-eareh Institute PuWirodon 22 
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solution for a few seconds has been effectne m pre\enting rusting at piaioles over 
se\eral xnonlho of outdoor expoeurei’’ This method has been eSectue when using 
electrolytic tin plate of 05 lb per base box coating weight as well as with mote 
heaiily coated hot dipped tin plate The use of sodium chromate has been advocated 
to giv e a protectn e film ov er bn cans when exposed to alkaline, acid, or neutral gait 
solutions m the canning ladustiy ** For shipment of cans to the tropics under 
extremely poor wartime condibons, outside dip lacquering or baked enamel finishes 
have been found to be practical and effecbvei* Dipping the cans in water emulsions 
of some waxes aLo giv ea good protection 

Spotting vnd Stainivg of Tlnned Surfaces 

Black spots from localized attack on tinned surface^ bj neutral or nearly neutral 
solution^, such as tho'e handled in the dairy industry are cau ed by electrochemical 
corrosion at points of weakness m the oxide film covering the tin They can be 
prevented by keeping the tm in contact with a Ic'e. noble metal for example, xmc or 
aluminum and pos..ibly ako by anodic oxidation ’5 Only «alt solutions which give no 
precipitate with stannoua lona form black spots Chlondco particularly aid in this 
type of attack 

■iellow stain on tin plate and miscellaneous tinned articles is commonly caused by 
surface oxidation during long storage by electrochemical action of differential 
aeration cells on the tm surface The «ta)n is readily produced in the laboratory bj 
anodic treatment in dilute «odium carbonate solution and is removed by making the 
tm the cathode lellow stain on the turned surface immediately after tinning is 
usually caused by too high a tmnmg temperature 

Corrosion inside the Can 

As di«ctt»ed m Tin p 323, the rate of attack of non oxidizing acids alkalies and 
salts on tin la greatly accelerated by the presence of air Conversely the comparative 
absence of air within a food can aids in preserving the tin as well as the food An 
additional factor enters to prevent attack on the ba«e steel at pinholes in the coating 
This factor comists in the reversal of potential which the tin iron couple undergoes 
in the presence of many organic acid., whereby the tin gah anically protects the iron 
at exposed areas 

Another important factor which influences the attack of food.tuff3 on expo ed iron 
in the can is the presence of stannous ions, resulting from slight attack or etching of 
the tm coating As shown m Table 1, iron coupled with tm greatly reduces the rate 
of corro ion, but the presence of tm not in electrical contact, giving rL.e to stannous 

i*R.Kerr Protective FJma on Tin Plate TxnandIU Vn> pp 12 13 Tin Research Inst tute {May 
1941) 

C L. Smith and J W Barnet Control of External Corros on of Tin Cans Prae Intt Food TeeK 
199 204 (June 16-19 1940) 

** S. R. Smith New Deielopmenta la External Coating M Corroaioa Preventives for Canned Foods 
Proc Inil Food Tech 26-41 (1944) 

t^SBrennert BlackSpots onTinandTvanedWare TmKesearch lastiluVe PoWwolvon D 3 (Aue'Mt, 

1935) ^ 

V»T p Hoar "The Corrosion otTiB in Neariy 'ventral Solutions Trans FaradaySoc 33 1152 1167 
{1937) Tm Research Institute Publtoalton 63 

11 C E Beynoa and C J I/eadbeater A Study of the Yellow Stain on Tin Plate Tm Research Insti 
tute publtoalion D 1 (January 193i>) 

i»iy J Macnauehtan and E S Hedges Some Recent Invest gallons on the Corrosion of Tin Tin 

Eeaearch Institute Pubhcolton 34 pp 7 13 (1936) 
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Tamt 1. C0IIR0=5I0X OF IRON’ IX DILUTE ORGANIC ACIDS. COUPLED 
WITH TIN, AND IN PRESENCE OF STANNOUS IONS 

Specimen* — 2 ') X 1 0 rm (1 XI C in ) of hot-rollwl »tccl (lin-pltilo In'o) iikI chcct tin 
Exjyiwl — 210 hr tit room tompornturc m nb^pncp of »ir to acnli of utrcncth cqim nlrnt to 0 "oU malic ticnl 


Acid 

Corrosion Rnte, mdd 

Iron 

Alone 

Tin 

Alone 

t lyOM of Iron 
in Contact uithTin 

t T.yOM of Iron 
in Prc‘'once of 'J in, 
No Conlnct 

Citno 

20 

0 .SI 

o 2 

3.9 

.XInhc 

12 

0 OS 

2 r> 

2 3 

Acplic 

11 

0 07 

7 b 

.» r, 

Mnlomc 

31 

0 74 

12 3 

0 4 

Succinic 

ir. 

0 C2 

10 r. 



lonc, rmy rcthipp the rate even more (lia<?licallj’ in some mctlia.^'' Since tlie addition 
of snlfur, as IS ppm sulfur dioMdc, Iuls been shown to mciease the corrosion latc of 
steels in citric and of Icns than about pH 4, and tlie addition of 15 ppm of alannoiis 
ions maikedly decica.=cs the rate of coiiasion under similar conditions, one of tlie 
beneficiid cliecls of di=so\\ed Im is thought to be the removal of sulfur from 
solution -n 

M inv otlior materials may affect corrosion. For CNampJc, inlnbition of conosion by 
St innoiis ions may bo modified by tlieir remoaal ns insoluble complexes uith piotcm. 
Addition of apple pomace to organic acids, under the conditions listed m Table 1, 
h N been slioun to tcdiiee drastically the rate of coiraMon of non, alone or in contact 
nith tin-i Thus (lie rate of iron eoiio.-ion in malonic acid ua-s reduced fiom 31 to 2 9 
mdd by this means Oiganic inhibitoio, such ns thiouica, hn\o diminished the late of 
attack of sour cherries and of bect.s, c\cn when incorporated in the can cud scaling 
compound, ulierc only 2 to 4 mg become available to the contents of a No. 2 can ---"t 

Cans foi minv product.? arc coated on the inside x\ith an enamel (a baked lacquer, 
not a Mtreous on unci) to pioicnl cont.ael of the contents xvitli the Im plate. Until 
lecenth', this uas largely to piercnt darkening of sulfui-containing foods, such ns 
peas, com, and fish luoducts (by foimation of black iron .sulfide at pinholes and ends 
or side se.aiiis, xxiu're iron w.es exposed), or to prexent bleaching of coloicd fiiiits and 
xegct.iblc', siieh as cherries, sti.axvbcrrics, and beets. An inside coating has been applied 
to beer ciiis aftei, as veil as befoie, the cans arc formed in order to a'ssuio complete 
< ox cr.igc, .since !ong-t onliniicd contact xxith tin, as xxcil as iion, may cause eIou(linc%s 
and off-taste Ernmeliiig, to prexent .sulfide discoloration, can be eliminated in some 
applu itioiis by an alkaline-ehrom ito filming licatmont.--' Since residua! chiomates 
are toxu, i ire is luederl m tlioioughly xx.a'iiing tin jilate or iiasealcd caas so treated to 
prevciit food cont iniin ition. 


'^7'}' V "rnf-tora innuenemr the Itnli, of Alt ick of Xtihl Slwlfi by Tinicnl 

" -Vr ‘ '• Tin lice ircji In, 1, into PuhhmUen (jySc) 

2^1 I . Kofjiiinn and X II Snnhorn, /or. nf 

txTirn.n.msT'^”' ^ ‘■‘msturc wall, Inlnlntor,” U 8 Patent 2, laS.lOT 

UnnUomT (Tnm,),C5.No.4 
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CORROSION PROTECTIOh 


The advent of %€ry thin electrolytic tm coatings necessitated the use of enamel 
linings in such cans to prei ent excessive attack by many foods As shown in Table 2 
•with some foods the amount of attack merelj \ arses with the weight of the tin 
coating By using an enamel lining oier the thinly tinned electrolytic plate almost 
perfect protection is attained for some fooda as tuna fi*h or peas However, a lining 
maj be ineffectue for a product like beets or tomato juice, although fair results are 
obtained when the can side seam is enamel striped after can fabrication to reduce 
exposed tin plate to a minimum 23 2 o 

Table 2 EFFECT OF TIN PLATE CONDITIONS ON STORAGE LIFE OF 
VARIOUS FOODS* 


No 2 cans stored at 38" C (100® F) Vacnum loss determined by the external laeuum 
needed to make the can ends dip outward 


Product 

Tin Coatina 
Ib/Base Box 

Enamel 

D.y. 

Vacuum 

Fa lures 
per 1000 Cans 

Grapefruit 

1 2o 

No 

lo9 

0 2 

0 


0 75t 

No 

159 

3 9 

0 


0 5t 

No 


6 0 

0 


0 St 

No 

lad 

10 1 

Ca3 

Tuna fieb I 

1 2o 

No 1 

142 1 

1 7 

0 


0 ot 

No 

148 


1000 


0 «t 1 

Vee 

148 

1 0 1 

0 

Tomato juioa 

1 io 

No 

22a 

0 2 

0 


0 5t 

No 

2-»o 

9 1 

•>10 


0 5t 4 

No 

22a 

3 0 

0 


0 «t 

Yee 

22a 

1 10 5 

0 


0 5t 1 

Ye* 

22a 

4 S 

0 

Peas 

1 85 

Yes 

262 

0 4 

1 0 


0 5t 

Yes 

262 

0 1 

1 ° 


0 6t 

No 

262 

1 ® ^ 

0 

Peaches 

1 25 

No 

24S 

1 9 

0 


0 5t 

Yee 

245 


' 1000 


0 5t II 

Yes 

24a 

S 0 

1 

Beets 

1 25 

Yee 

2C6 

5 8 

' 0 


0 St 

1 Yee 

1 266 

la 6 

1 400 


0 str 

Ye* 

' 260 

12 5 

40 


• K W Bnghton Electrolytic Tin Plale from the Can Xtaker a Point of \ lew Tran* EUxinchem 
Soe 84 227 247 (1943) 

t Electrolytic tin plate fused coatine 
t tl ire-brushed coating unfueed 

I Tin plate given a chemical chromate treatment exact coaditiona unstated 

II Enamel stripe made down the can side seam after fabncatioa 

^ Thiourea corrosion inhibitor added to can end eeam aea! nj compound 

Effect of the StEel-Base Composition 
Some constituents m the steel used to make tin plate hat e a marked effect on the 
corrosion of the can This is particularly important m enamel lined cans where most 
of the tin is covered and the chief contact of the contents with the steel and tm is 
along the seams where mechanical rupture of both enamel and tm coating takes place 
Localized attack at these points frequentlj causes perforation, if the steel base favors 
rapid attack, since there may be lont^cieot tm exposed or dissolved to give 
protection 

“R H lueckoodK ^ Bnghlon Bdianor ol Foods in tV ar Time Cam Canadutn Food PacXer 
15 17 23 (June 194o) 16 29 (July 1945) 
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Silicon in ftccl has been shown to be detrimental because of its cfTect on mechanical 
propcrlic-', i.e., an increased tendency for the tin plate to crack at the scams, 
riia'-phorus actively promotes the corra=ion of enamel-lined tin cans by many cor- 
rosive food produrt.«. By incrca.sing the pho-sphorus in steel from 0.015 to 0.045'^r, the 
can .service life was dccrea.'cd from 50 to 70% in tcst.= made with the fruits shown 
in Table S.-” The cficcl wa-s le.ss marked with unlincd cans. Copper, likewise, lias 
shown a definitely adverse effect on some fruits in enameled cans (Table 3), but on 

Taiick .1. .‘SERVICE IRFE OF FOOD CANS AS INFLUENCED BY COPPER 
AND PHOSPHORUS CONTONT OF THE BASE STEEL 

Cnamclcil No. 2 cans packed under identical conditions. 

(а) Uimmed steel, O.OO.VO.OOS^Ii pliospliorus. 

(б) Aluminum-killed, O.CM-O.OO^e phosplionis. 

Scr^'icc life taken as days to produce failure of cans tested. 




Days at Boom Temperature ^ 

Dayn at 100” F (35° C) 



0.02-0.0) ’'/o Cu 

0.18-0.20% Cu 

0.02-0,01% Cu 

0.18-0.20% Cu 

Black chcrrica 

(u) 

1001 

322 

5C1 

170 

Uc<l, four pitted 

(M 

357 

2SS 

IM 

00 

chcrricfl 

(0) 


191 


S3 


(M 


224 


141 

Italian prunes 

(a) 


coo 


229 


(h) 

MO 

405 


100 

lAJRaiibcrriea 

(o) 

1.331 

1274 


l»35 


(i) 

0)7 

807 

HBSIH 

305 


other.-? it ha.-? little or no cfTect. For .«omc fruit.«, .«uch as strawbcrric.s, yellow Pershiro 
plums, raspberries, and gooscberric.s, Icst.s have shown copper to bo bencficial.^^ There 
are .‘■•omc indication-s tliat nickel and, to a lesser degree, chromium arc detrimental 
eonslituent.s in the tin plate used in packing corra=ivc fruil.s and berries.-” Maiiganc.se, 
carbon, and .sulfur have very little effect, or rc.'ults arc ma.skcd by tlie greater activity 
of other const itiicnt.s. Addition of titanium to the steel is alleged to increa.se resistance 
of tin iilatc to perforation.-® 

Li.sts are available of commercial canned-food products, pH rango-s, analy.'os, effect 
of packing in tin plate on vitamin content, and spoeification.s for the typo of can to 
be ii^od for various products.-''.^" Many factors in handling food.s affect the corrosion 
re.-btance. Storage at 3S° C (100° F) u,-ually gives a service life of only half that 
obtained at 27° C (S0° F). For grapefruit, however, the storage life at 1G° C (00° F) 
was 7.8 times that at 3S° C (100° F), and for loganberries the service life was extended 
15 and 3.G times by lowering the storage temperature from 38° C (100° F) to 27° C 
(S0° F) and 16° C (00° F), respectively.^! Addition of .sugar and of colloids, such as 

•’ll. U. H.arlwfll, “Corrosion Rc'Lilance of Tin Plate," Shtet InH., 15, 1017-10'’3 1130-1117 

13Ci7-12&S (1041). • 

- T. P. Ilo.ar, T. .V. Morrii, and W. 15. Adam. "The Infliicncc of the .Steel-Pn-o Coinpoeition on the 
Rale of I'orin.ation of Hydrrjccn S«e!!t in Canned-Fruit Tin Plate Conlninem," Pt. 1 J Jrem .SU'l Inzl 
140. .y,p, (10.30); Pt 2. 144. l;i.3P (10)1). 

"Canne<l Food Containi-rB.” N'ational Camiem .le-ociation BuU. 22-1., 21 (December. 1023). 

^ .\mencan Can Co., Thr Ccnnrd Food .Ifominl, 1043. 

-"’u. J. .McKay and R. Worthington. Corrojton llezirtnncc o/ Melnh and AUo’j!, Rcinhold PublKhim; 
C4'.n>.. York, I03G. 

\ . U . \ aurio, B. S. Clark rmd B. H. Lucck, lud. Eng, Chtm, (Anal. Kd.), 10, 3GS (103S). 
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gelatin tend to inhibit corrosion under food can conditions wherea;# the pre ence of 
sulfur acts as an accelerator Fruib which often giie the greatest trouble in causin'' 
perforation of cans such as blackbemes prunes white and black cheme are low la 
acid Greatb irapro\ ed can life has been secured by adding 03 to 03% of citric acid 
to 'ucb packs 


TIN COATINGS ON OTHER METALS 
The 'ame amount of tm 03 mil thick is dia^olied bj fre^h milk from hot tinned 
lead or electro-tinned lead as is di-^oh ed from pure tin foil according to 4S-hour te t 
at room temperature with 206 eq cm eipoi-ed metal surface ith «our milk under the 
ame condition the rate of corro ion la increa ed from 036 mdd to 1 " mdd for pure 
tin and «hghtlj leao tin la dia,ol\ed from the tinned lead specimens In ufficieat lead is 
diaaoUed bj milk from the tinned lead m a short time iater\al to be dangeroikh 
to-ac but when U'ed aa caps on milk bottlea about 1 ppm lead per pint bottle haa 
been found becau e of the greater •«oUent effect of the fattj acida in the CTcam 
t mg electrotinned coatings 002 to 006 mil thick on copper foil 007 to 0 08 ppm 
copper lis di'toh ed m 48 houra from tinned copper caps on pint bottles of fre^h milk 35 
A replacement coating of tin (between 001 and 002 rail thick) in ide copper tubing 
decreased the iniount of copper di- ohed bj dutiUed water saturated with carbon 
dioTide 01 er a 40 daj period from 15 ppm to less than 2 ppm The tube was refilled 
ten times during this inter% al 

As with tin plate hot turned copper produces an alloj Jajer as well as an outer 
surface of substantially pure tiQ In commercial coatings 006 to 011 mil thick ob 
tinned copper wire (11 to 20 grams per »q meter) the compound amounts to about 
3 grams per *q meter Such coated wire is much u.ed in making rubber iiLuIated 
wire for electrical purposes The tm coaling if complete pre\ ents «ulfur in the rubber 
from attacking the copper and likewise preients rubber deterioration Cuprous OTide 
mclu-ions m the ba^e copper are an important source of porositj hence the u-e of 
QTy gen free copper or of a cathodic treatment of the copper in a caustic soda solution 
before tinning produces a more corrosion re utant coating 36 
The tm coating on copper sheet and tubmg particularly that u-^ed in the dairy 
industry is frequently damaged by u^e of corro^iie alkahne cleaners This corrow on 
Is largely a function of the dis oKed oxygen concentration hence it can be greatly 
reduced by u-ing a reducing agent ««ch as 'odium sulfite In 2 hour tests on tinned 
copper with flowing aerated 05% folutions of =odium carbonate and sodium 
fi\rfroxid'e at tde weigdC ibss was aberea^erf if'oiii i^yirna' I’oiJ’cruli’ 

respectnely to 7 and 10 mdd by addition of 03o% sodium sulfite® Chromate 
inhibitors in tnsodiura phoirphate cleaners are aLo effectne in cleaning without 
exces-iie attack on the tm 

N MomiandJ 'M Bryan TlieCom'e on of the Tm Plate Container by Food Producte Rtporti 
40 and 44 Food In eatigat on Board Department of Sc entific and laduatnal Kesearch (Canibnd^ 
England) (1931 1935) 

** R. Kerr ‘The Bebanor of Come Metal Fcwla in Contact with Milk J Soc Chtm ltd 61 ICS-IJ' 
(\ugust IW"*) Tin Research Inst tme PuMitohon 113 (IW*) 

** J D Sullivan and A E Pa U-h T nniog Copper and Brass by Immersion Sftlalt and AUrji 11 
131 134 (May 1940) 

p W ‘’eddon T n Coat nga on Copper tV ree J/eloI Ind (London) 62 37 3S (Jan Is 1943) 

** W D Jones Influence of ^iirfaee Cuprous Oxide loclus ona on tbe Poros ty of Hot T nned Coating* 
on Copper J Httals 63 193 19S (1936) 

>7 jl. Kerr Tbe Lee of Sodium Sulfite as an Addition to llkaline Detergents for Tinned Ware J See. 
Chem. Ind 64 ‘*17 '’'’IT (I93o) Tin Research lust tnte Fubfirofum 19 
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CADMIUM COATINGS 
Gustaf Sodemerg* 

Cadmium coating? arc applied mainly to iron and ptocl, to copper and copper 
allovf;, and to a pmaller extent to aluminum alloys and zinc alloys. Eloctrodcpo.?ition 
from cyanide .=oIutiom; is used almost exclusively. Deposition bj' immer.'ion. metal 
.spr.aying, and hot dipping arc much less common. Since molten cadmium does not 
allov with iron and .steel, hot dipping is done in Cd-Zn alloys usually of eutectic 
composition (S2.57c cadmium). Copper wire ha.s been hot dipped in unalloyed 
cadmium. 


FACTORS INFLUENCING USE 

The commercial use of cadmium coating-s depend.? largely on the fact that cadmium 
combines to some extent the anodic behanor of zinc toward most underlying ba.se 
metals with other desirable properties. Such properties are greater chemical resistance 
to alkalies, to wet spray of and alternate immersion in sea water (sec also data in 
Table 19, p. 417) and sodium chloride solutions; decidedly slower formation of while 
corra^ion products and tarni.?h films which interfere with mechanical and electrical 
functioning of moving parts and with surface conductivity for both ordinary and radio 
frequency currents; ab.?cncc of intergranular penetration into steels at high tem- 
peratures; e.a.so of soldering with non-corrosive flu.xcs; ab-sence of gouging and seizure 
of moving parts; Ic.'scr hydrogen embrittlement of medium- and high-carbon steel 
in plating with cadmium cyanide than with zinc cyanide solution.?, and greater case in 
covering gray and malleable iron.t 

The .sacrificiallj’ protective action of cadmium in contact with iron and steel has 
been amply demonstrated both in the atmosphere and in solutions to which oxygen 
has access. Visual observation of rusting on cadmium-plated specimens exposed 
outdoor.? and in the salt spray test- shows absence of rust on bared steel nearest to 
the coating. Continuous immersion in 0.5 rV NaCl of plates of electrolytic iron 
(2.5 X 5cm [1X2 in.] and 3.S cm [V/j in.] diameter) with cadmium plugs (1.3 cm 
[la in.] and 1 cm [v.s in.] diameter) inserted respectively in their centers cau.'cd 
etching of the cadmium and no corrasion of the iron.'"* 

Similarly, alternate immersion for 10 days in 2090 NaCl of lieat-trcated Duralumin 
.sheets (2.5 X 15.3 X 0.05 cm [1 X 6 X 0.02 in.]), testing (ensile strength 42.2 
kgAq mm (00.000 ix?!) and elongation in 5 cm (2 in.) = 1S%, with and without two 
cadmium-plated steel rivets acro.'is their center, lowered the tcasilo properties to 39.2 
kg/.'-q mm (55,800 psi) and 10.1% and to 25.9 kg/sq mm (30,800 i^i) and 3.4% 
rc-spectivcly."* 

A modified electromotive .senVst .applic.able to immersion in sea water i.s shoivn 
on p. 410. C.admium i)rotccl.s tho.=c metals and alIoj'.s found below it in the serie.s. 
However, the extent of the protection c.annot be estimated from the potential bocau.se 
of factors not determined. 

* Crnlinni, Crowley .iml Af.-oei.atcfl, Inc.. Jcnfcinton-n, Ptt. 

t Commonly (!eecril>cd [/atrnm'c xcrir-t, Fditok. 

' General Preference Order M-Cj, War Production no.ird. Sept. 12, lOdl. 

- W. Plum. P. 1\'. C. .?tran«jer. and A. Prenner. HP SOT. J. Jttxarrh Xnll. liur. Slnnihrih. IG, 18.5 ( 1030 ) 
and nfldition d dnt.n eupplied by W. Plum. (Tlieee resiilu were obtained in n collaborntiec eludy undcr- 
t.iten by tbe Xuiion.-il Pureau of St.mdnrdj, tlic American Elcctroplatcra’ Society, nnd tlie Ameriean 
S-''Ciety fur Testim: Material?.) 

' H. S. llawdun, Trr.nt. i.'/ee.'ro-f.era. Hoc,, 49, 339 (I92fi). 

* .M. !!. Whitmore, /ml. Uruj, Cl.em.. 25, IP (1933). 
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CORROSION PROTECTION 


OUTDOOR CORROSION 

The results of the most complete study on the outdoor corrosion of cadmium are 
summarized la Fig 1 3 If the essentially \erbcal portions of the curves are extended 
to intersect the time axis, the intercepts as a measure of time for substantial rusting 
are related to the thickness of cadmium coating as follows 

A/ = 18 It* + 6 

where 3/ = time m months for substantial rusting 

t = thickness of cadmium coating m mils (thousandths of an inch) in the 
range 02 to 1 mil 
a, b, = constants giv en below 

a b 

New York City 1 00 2 2 

PiUsboieh PjL 1 23 4 2 

Sanity Hook N J 1 oo la 6 

n ashtngtOD DC 1 70^ ID 6 

YEARS 


»234 123456 



YEARS 

Fio 1 Results of Outdoor Exposure Tests on Cadmium Plated Steel 
for Three Coatmg Thickness (02 05 and 1 mil) 

Molervil Coatmes from three cyanide baths with and without addit on agents on 10 K 15 cm (4 X ® 
in.) spccuneus of selected cold rolled SAE 1010 steel 

Expeture PanelsSO® from horizontal facuiesouthin New York City (NY) Pittsburgh Pa (P) Sandy 
Hook, N J (SH) Washington DC (W), Key West Ha. (KW) and State College Pa. (SC) 
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Thc.=n tc-'l.' phow flint (1) there is no consistent differeneo between endmimn 
coatings jiroduccd in plating bath? with or without organic addition agents and nickel 
at current densities of 1 or 2 anip/sq dm (9 and ID ainp/sq ft), (2) time for substan- 
tial rusting increases with, but is not a straigiit line function of, thickness, contrary 
to what has often been staled, and (3) the protective value depends greatly on the 
corroding atmasphcrc, contamination with SO 2 and SO 3 being jiarticularl.v severe. 

Further data on the rate of weathering of cadmium arc available from substantiall.v 
the same New York Cil.v location"' and arc summarized in Table 1. It is noted that 


T.cnu: 1. WEATHERING OF CADMIUM PLATE IN NEW YORK CITY 

Mntcrinl — 22.9 X 30.,') X 0.10 cm (9 X 12 X Mo in.) otecl plates with l.'l..') tiiK/fO cm (0.02 mm, O.S 
mil) cadmium deposited at (a) .3.2 amp/sq dm (30 nmp/sq ft) and ((/) 1.1 amp/sq dm (10 amp/sq ft). 

Kxpftsure — .Specimens mounted vertically (n) in necember. 192S. and (ti) in .June, 1929. One half of the 
number of specimens was aubiccted to intermittent water spray tor three l.Vtnin pcrioil.« daily except 
Sunday durins March 15 to November 15, 1929, to .simulate extra rain. 

Determination of Weiitht Loss — Ever>- other month the eorroded specimens were scrubbed with a stiff 
bristle brush under water or lishtly brushed with ti soft varnish brush with no sittniricant difference in 
result, weighed and re^txposed. Reported values arc nveraRes of residts with triplicate specimens. 


Expojurc Period 

Corrosion Unto 

Normal Atmosphere 

Accelerated 

Atmosphere 

mdd 

ipy 

mdd 

ipy 

Cndiniutn (o) 





Janiiary-Dcccrnbcr 

2.52 

0.000'J2 

2.33 

0.000.39 

Ociobcr-April 

3. OS 

0.00051 

2.W 

O.OOOM 

April-Octobcr 

1.90 

0.00031 

2.02 

0.0003-1 

June-Dccombcr 

2.50 

0.000J3 

2,2‘1 

0.00037 

Cadiiiitim (6) 





lunc-Dccembcr 

1.51 

0.00025 

1 . 07 

0.0002S 


in thi.s Fo.T coo.st intlu.'Jtri.ol .otmasphcrc (1) nccclorntcd r.iinftill hius no gre.'it effect, 
(2) the rate of weathering i.s higher during winter than .cummer, and (3) atarting 
the cxitD.^uro in .suniniertiine m.ay produce n .slower r;ite of weathering. Item (2) i.s 
conrirmed by tc.sU' in CIcrkcnwell, London, England, where rate.-- of l.Gl, G.70, and 
5.M mdd (0.00027, 0.00112, and 0.00090 ipy) were found during June-Oclober, 
Octobcr-December, and .Tanuary-March, respectivelj’.*' 

The cfjrrt of poronily of cadmium coating< on the degree of protection afTorded 
has been .>-ludied at IVooIwich, England." Frc.-hly prepared cadmium cyanide plating 
.=olutions without addition agenttr produced coatings which were very porous in thick- 
ne.'se.s up to 0.0025 mm (0.1 mil). Above 0.007G to 0.010 mm (0.3 to 0.4 mil) tJie 
coating- were .substantially non-porou.s. Aged batbs produced non-porou.s deposits 
0.0013 mm (0.05 mil) thick. Porasity wa.s determined by ob.-erving the number of 
hydrogen bubble.- appearing on the Furfaoo on immersion in a 197 hydrochloric acid 
.solution at 20° C (08° F) during 10 min. On outdoor e.xposurc and e.xpo.sure under a 
Steven.-on .screen (.sec footnote, p. 32S). the porous coatings, depending on the degree 
of poro-sity, corroded only slightly faster than tlic non-porou.s coatings of the same 
thicknci.s. 

^ C. I.. nipr>cnstecl nnd C. W. Rrirrmann, Trann. EUrtrot-hrm. .Sec. B8. 23 (1930). 

‘ W. S. P.sttrrson. J. Elrrlrorii-pmU'^rii' Tech. Enr., 6. 91 (1930). 

* G. Clnrkp, J. Soc.^ 8, Paper 12 
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Very smooth and bright coalings produced m an aged hjgh-metal bath contammg 
Turkey Red oil and nickel corroded more than the crystalline coalings fron, 

an aged bath with no addition agents, possibly because of the larger actual eurface 
present ^ 

Tests m the industrial atmosphere of Detroit, Michigan, have gbown that the 
presence of nickel or copper in cadmium plate slightly decreases the time for 
substantial rusting^ 

Other tests m the same location have shown that heat treatment of cadmium~ 
-plated parts m air u^ed to decrease hjdrogen embrittlement, may slightlj decrease 
the protection afforded steel * The maximum effect is found at the temperature at 
which vLihle o\ide filroo are first formed, namely, about 150° C (300° F) and a 
treatment time of 45 to 60 minute*! Treatment for 3 hours at 250* to 300° C (4S0° 
to 5/0° T) hsa no effect on the corro&ion resistance 

According to other teats m Detroit, Michigan, bngkt dipping tti a chromic aewi- 
suljunc acid bright dip under conditions cho-en to remove 000022 nun (0009 mil) 
cadmium had no significant effect on the degree of protection prov ided by coalings 
on steel 0 0025, 0 0051, and 0 0076 mm (0 1, 02, and 03 mil) thick ® 

Locations Shieldeo from Rain 

Te«ts m the industrial atmo-phere of Woolmcb, England,’’- bare shown that in 
a Steven'on screen, a louvered bor giving protection from ram but allowing exposure 
to cucvilaUng a,\t, cadruivim plate corroded only about SOTc ^s, last as epecvmis* 
freely expoised near by 


INDOOR CORROSION 

Te«U jn London, England, m a room with an average relative humidity of 55%, 
of 00165 mm (065 mil) cadmium plate on steel, deported m a solution without 
addition agents and rubbed uith No 00 sandpaper, showed total weight increments 
of 27 and 3l mgAq dm after 055 and 0 69 j ear of exposure, respectiv el> It is ev ident 
(hat the tarnish f rim.-. once formed protect against corro ion under the&e conditions 
Tthere condensalwn occurs, the corrosion is more severe as shown in Table 2’’ 


Twii 2 IKDOOR CORROSION OF CADMIUM PLATE WITH FREQUENT DEW 

LocatKJa — Room wilb lare« gwinunm* poof pfobaOIy m London Eneland. Bigh retative iimudity, 
frequent <few. eepeciatfy fAumg January to AfarcA 


Elapsed fuae. yt j 

Season 1 

IV e ght Increment Total 



me/eq dm 


Jiuie~October I 

9 2 

0 4S 

1 October-January I 

17 0 

0 7o 

I January Mar«b | 

43 4 


* ntipubUalied tests by tbe author 

* Gustaf Soderberg, T'am EUiirocAw. Soe . 82. 71 (1942| 

*“S G Clarke, J" EleetrodtpatUori' TetM Soe 15 141 (1939) 

W S Patterson, J EUetrodepontori' Tech See , 6 91 (19J0) 

In another senca of tests’® in a small unheated room in IToolwich, England, with 
partially open window through which polluted and du'tj air entered, the cadmium- 
plated steel specimens were suspended overnight in mout air in a clcced vessel over 
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water to cause condensation. After G montlis, 0.0013 mm (0.05 mil) coatings .‘:l) 0 ^\od 
rust-colored patches and 0.013 mm (OA mil) coatings were dark colored with faint 
whitish .spots, but no rust appeared except in a scratch which c.xpased the .steel. 


CORROSION ny gases 

Cadmium L? attacked by ammonia jumes only in the prc.=cncc of moisture. In w.ann, 
humid weather, moi.st ammonia fumes of sufRcient concentration to sevcrcly-di.scolor 
cadmium are formed bj- decomposition of cyanide rc.siduc.s on the surface of plated 
part.s when kept in a container or the iike.i- LVe of a chromic acid bright dip 
eliminates the r&=idues and their action on the cadmium surface.i- 

■When cadmium or cadmium plate is enclosed without air circulation with certain 
unsaturated oils, such as are pre.sent in certain paints and in certain impregnated 
fabric.s or papers u.«cd for electrical insulation, vc:y bulky white corrosion product.s 
arc formed, frequently all the way to the underlying bn.so metal, in very short time.’-’ 
Both formate and butyrate have been identified in these product.s. High temperature 
and high humidity accelerate the attack. Treatment of cadmium in chromic acid or 
chromate .solutions does not inhibit thi.s effect, apparently becnu.se of the acidic nature 
of the corroding agents. 

The hydrogen sidfidc'^'^ pre.sent in the ordinarj’ indoor atmo.sphcre is not sufficient 
to cause cadmium sulfide to form on cadmium plate. High concentrations cause attack 
in the presence of onlj’ traces of moi-slure, the rate increasing with the moisture 
content. Practically complete removal of 0.005 mm (0.2 mil) cadmium de])osits on 
steel has been noted after 210 hours at room temperature in moisture-saturated 
atmo.'phcre. 

As may be expected from it.s effect in the atmosphere, sulfur dioxide'^'* is likely to 
attack cadmium very rapidly. Substantially dry gas in veiy Jiigh concentration 
produced only slight tarnish of cadmium plate in 18 hours at room temperature. Oi'er 
water a white film w.as formed in G hours, a heavy crust after G1 hours, and rusting 
after 210 hours attack on 0.005 mm (02 mil) plate on steel. 

CORROSION BY LIQUIDS 

A broad picture of the effect of pH of aqueous solutions is furnished in Fig. 2M' 

The effect of the anion in acid corro.sion is shown in Fig. 

A rapid non-v'^clcctivc attack without gas evolution by dilute nitric acid (< 0.25 A’) 
is notable because the cadmium is brightened in the proce.'-'s.’" Similar brightening 
effect with .solution of the cadmium Is obtained with bromic acid, with certain 
chromic acid solutions containing aBo relatively low concentration.s of .-ulfuric. nitric, 
hydrochloric, or formic acid, and with dilute .sulfuric acid, hydrobromic acid, hydro- 
chloric acid, formic acid, dichloracetic acid, or liydrofluosilicic acid in the presence of 
hydrogen iicroxido,’" In all cases the cadmium dissolves under oxidizing condition.^ 
similar to thaso causing anodic brightening. 

Chromic acid .solutions attack cadmium only ver 3 ’ slowly and cause it to become 

Poitprbcrc, Tram. EUctrochrm. Soc,, 62, 39 (1932). 

“ Gu'l.nf SixierberK. Monthly lift. .Vm. Elertroplalm' S(r., 17 , 30 (Aucu.it. 1030). 

** Unp!it>!iihr.l by Ittc nulbor. 

I). V.. Hoetbrti. C. J. Franz, and H. L. McKii'ick-. Mrtat In!., 30, 301 (1932). 

Gvwtat Sodcrbnrc, Tnmt. El'drochrm. Eoc., 62, 39 (1932). 

'■ ref. in G. Podirlx-rc and 1.. 11. W’calbrool.. Trans. Ekrtrrn-hrm. Ear., 80. 429 (1041) or MoUrrn 
Etrdroplatiny, p. 101, Flrctrociiernica! Society, 1912. 
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passive In the presence of sulfunc, nitric, hydrochloric, or formic acid m relatively 
high concentrations, solutions oi chromic acjd or chromates cause a visible film to 
form on the cadmium-plated surface, which, on exposure to high humidity further 
improves its resistance to formation of white corrosion products 



Fig 2 Corrosion of Cadmium \s pH lO Continuou«;ly Floiving Uniformly 
Agitated and Aerated Solutions of HCl or NaOH 
Mstenal 5 x 10 X 063 cm (2 X 4 X lo.) cast cadmiuin. 

TempeiaWrt 24 ±0 5“C Ut ± t® F> 

Titne 7 dsyg for pH beloir 2, 41 days for pH above 2 

Among factors which appear to cirntrol the rate of corrosion of cadmium plate 
on steel m aqueous solutions is the oxygett sucpply, attack along the water hue 
being %eiy pronounced in distilled and tap water, and m solutions of KAKSOjls. 
KCr(S 04 ) 2 , NaHCOa, ammonia, creosote, and glycerol 18 Temperature has varying 
effects In tap water, increasing the temperature to 65° C (150° F) causes a decrea'C 
m the rate of corrosion i® In dilute solubons of acetic acid, creo-ote, glycerol, and 
tannic acid, incTea«mg temperature increases the rate of comx“ion 


is Uopuhliibed testa by tbe author 
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When cadmium corrodes in water or a salt solution in the presence of air, the 
pH of the cadmium surface rises, causing non-adiicsion of sulvequently applied 
paint coatings. The increase of alkalinity is demonstrated in Table 3.^® Passivation 



N, OTHER ACIDS 

Fio. .3. Corrosion of Cadmium Plate in Acids of Various Concentrations (Normality). 

Specimens: Cadmium-plnted cold-rolled nlecl 10 X 3.2 cm (4 X IJf in-T 

Tcet conditions: Specimens p.artially immersed for 40 eeo in beakers conlnininc acid solutioDS. 


Tablk 3. EFFECT OF CORRODING CADMIUM ON THE pll OF THE 
CORROSIVE SOLUTION 

•Material — l.OI X 12.7 cm (•)! X o in.) ciidmiiim or c-admium-platcd steel. 

Apparatus — .100 ml Iirlenme.ver flasks eovered with watch filasses, in room free from laboratory fumes. 
Solutions — Made from boiletl distilled water. 

Procedure — DcKrcc of immersion and acitation not stated, pll mc.asurcd at 2.")' C with Ilellittc comparator. 


MecUum 

Time in Iloura 

0 

21 

4S 

no 

400 

Boiled distilloil water, blank 

0.7 

■Bl 

CO 


0.9 

“ '* . cadmium 



s.r, 

8.3 

7.8 

1 iV NaCl polulion, blank 

0.7 


0.8 


7.0 

" " ** , cadmium 


o.r» 

9.4 

9.0 

8. 8 

3.5 jV NaCl flolulion. blank 

0.0 

0.0 

0.7 


7.0 

” " *' , cadmium 


9.7 

10.0 

9.4 

0.4 


for 1 to 2 min in 3 to 59o chromic .acid solutions at room temperature prevents this 
effect.®® 


I^VDORATORY TICSTS 

ConRo.sroN in Salt-Sprat Fog 

C.idmium plate i.« attacked s-'o .slowly in salt-spray fog that the tc.^t i.s not very 
useful for specification purpa^es. It is, however, being used to detect improper cleaning 
and pickling of tlio steel. No dat.a are given because of the recent changc.s in .=alt- 
spr.iy fog testing method.?, 

” M. R. Wbilmorc. Ind. Erg. Chm., 25, 1I> (1033). 

• ” Army-Navy .Icronautical Specification AN-P-01, Auru 1. 1944 
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Table 4 APPEARANCE OF CADMIUM PLATE IN HUMIDITY TESTS 

Conditions — (a) Constant lOO'e relative liuiiuditr (praetieslly no condensation) at do* C in glass vessel 
With hucudiiying Lqmd closed except for smalt hole (6) ^ arying humidity (condensation every thml 
day) m large tbermostated cabinet automahcally hnnudified with steam to 75% saturation at do*C 
temperature c>cle 4o* C for 2 dajs and droppiog to room temperature for 1 day 
Duration. o£ test — 1 5 ear 

3IaieTvU (a) (b) 

0 02o mm (1 0 mil) Cd Superficial tamuh Dark tarnished patches 

0 002o mm (0 1 milj Cd Tamiahed no rust Tarnished no rust 

Bare steel Slight rusting More pronounced rusting 


Table S SPECIFICATIONS FOR CADMIUM PLATED COATINGS 


Specification 

Coating ^ 

Class 1 

\tioimum 

Thickcesa 

Minimum Hours 
m Salt Spray of 
20%NaCl 3o*C 
Wo* F) 

mm 

sasl 

A S T M j 

NS 

0 0127* 



A IfiiHlOT 

OS ' 

0 0076* 

0 3* 


(onateel) 

TS 

0 0038* 

0 Jo* 


U S Amy I 

NS 

0 0127* 

1 0 5* 

72t 

67-0-2C 1 

OS 

0 0070* 

0 3* 

48t 


TS 

0 0038* 

0 15* 

24t 

U &Navy 

General 

0 0I27t 

0 5t 


4fiPl 

Exception} 

0 OOoIt 

0 2t 


Army Navy 

General 

0 00761 

^ 0 3f 

200tt 

Aeronautical 

Exception^ 

0 OOolt 

1 0 211 

lOOtt 

AN P-61 

Eieepiioa** 

max. 

' max 



Exeeptiontt 





* On significant lurfacea. 

t Without showing white salts or iron rush 

i On smooth surfaces which constituie neither decided prominences nor recesses with respect to the 
general contour of the article 

\ On articles having integral parts which are threaded externally 

j| Ob sm/Isrra shirh can be tourbed with » moi (0 7.i an.^ iham sphere 

^ On externally threaded portions of art eJee where the tolerances of the thread# preclude depootioa of 
0 0003 in. and on bolts studs washers nuts and articles with piajor portion externally threaded. 

** On parts whose dimensional tolerances will not permit a coating of 0 0003 in 

tt In holes recesses mternal threads and Other areas where a controlled deposit cannot be obtained 
under normal plating conditions. 

It Per specification AN-QQ-S-91 to appearance of no mote than 6 corroded areas per sq ft of surisce 
that are visible to the unaided eje or any corroded areas < Me m. dism corroded area# being exposure 
''r corros oB of the base metsh 

HuMiDrrT Tests 

Laboratory humidity tests m which the coatammated air us largely excluded from 
the specimens appear leso ere than the tests described under ‘ indoor corrosion 
Some results obtained m absence of condensation are shown m Fig 4^1 The appear 
ance of cadmium coatings after one year exposure to \arious conditions of humidity 
are found m Table 4 21 pJain «teel to included for coroparison 

“ S G Clarke, J EUctndepastlort TetK Soc 15 141 0939) 
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SPECIFICATIOXS 

A Fummarj’ plating specifications in force Kovcinber, 10} 1, arc given in Table 5. 
For detailed rcquireracnlf, fcc the spccificationa tlicmscivcs. 



Fio. 4, Corrosion of Cadmium Coatincs at Various Constant Folativo Humidities. 
Speciniona suspended over stitvuotcd soiutions of different salts kept in nearly elosed vessels. 


LEAD COATINGS 

GusTAr SoDBnnr.na* 

Lead coalings are u.scd mainly on iron and .steel and are applied either by "burning” 
on or rubbing with molten lead, producing sO'Cnlled homogeneous lead coalings. They 
are also produced by spraying, liot dipping, or electroplating. 

The homogeneous lead coatings arc ordinarily heavy and non-poroiLs. They arc 
used for their resistance to chemical .volutions, and their protective value i.s largely 
dependent upon the rate of corrosion of the lead itself. (.See Lead and Lead 
Allogs, p. 207.) 

Sprayed coatings arc also heavy but tend to be very’ poroits relative to their 
thickne.s.?. 

Hotnlip lead coatings .arc seldom pure le.ad bccau-'o of difTiculties in obt.aining 
complete coverage. Use of repeated immcr.vion.s ha.« mot with only incomplete .sneegss. 
Better results are had by fir.<t zinc-coaling the iron or Kteel. 

The favored method of obtaining complete coverage and adhe.sion i.s to add 2 to 
2.uG tin (alloys with 10 to 25Tc tin arc called feme mctalt), somelime.s with 1 to 
lOG antimony to improve adhesion further and abo to provide age-hardening char- 
acterislif.v. Le.-.s than Vafi .vih'cr, or about 1% bbmuth, or less than 2% zinc are 
sometimes found in low-tin alloy coalings. 

•Orahnm, Crowlry and As-ocintc^, Inc., Jenkintowr. Pa, 

i Tcriif niraninc dull oridnally uvxl in contradi^tinclion to "bright tin,” that tin plato 
Iturc.s awl .«-KuU, PtoU.U,, CcilCno. /or .tfKot,, p. 205. UtirfioW I’uWi.lii.iK Corp., Kciv YorV, N V 
l'.i,an. Homm. 
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Promumg lead coatings containing QSa% zioc as sole addition have been produced 
on a 'erm commercial scale ^ 

Electroplated coatings are ordinarily pure lead deposited from fluoborate or 
sulfamate solutiona One half to S% tin. or higher have been codeposited with the 
lead to improi e 'oldering and «pot weldmg quahty 

POROSITl 

Both hot dip and electrodepo»itcd lead coatings are porous in commercial thick 
ne&ses hence the base metal Xa a factor in the corrosion behavior It has been shown 
that the earl> appearance of ru^t on relatively heavily coated steel is not significant 
in at lea t ®ome atmospheres In «ome instances the ruat di appears entirely or 
parllj in othere, the r\i«t development becomes substantially stationary Since lead 
coatings are used largely for protection rather than appearance (howev er hot dip 
coatings containing silver may have a bright metallic luster), the pre«ence of rust 
spots la ■^ddoxQ m itself a leal tfoiettvon 

RESISTANCE TO OUTDOOR EXPOSURE 

The A S T M tests on hot dip lead coated hardware^ hav e shown many instances 
of excellent protection over a period of 9 years Unfortunately neither the compcv-ition 
nor the weight of these coatings known Tbeir appearance sometimes indicates a 
very considerable coating thickness 
Mo«t of the data on hot dip coatings are ob 
tamed on matenaU which were ainc coated prior 
to lead coating Thia u true of the 6 year 
A S T M wire teat data® summarized in Table 1 
the actual progress of rusting being illustrated m 
Fig 1 and Table 2 and of three of the four long 
term tests* shown m Table 3 Conclusions drawn 
from these tests do not neces-anlj apply to lead 
alloy coatings directly on steel for which only 
short time tests in uobhielded locations are avail 
able (*566 Table 4) 

The te»ts on lead coatings with zinc undercoat 
mgs indicate that for rather heavy coatings (1) the 
piogresa of corrosion often irregular and inter 
nipted and varies greatly with the evpo ure loca 
12 3 4 5 6 7 tion (2) the effect of corrosion i» pitting of the 

YEARS steel without sub&tantial spreading of the ru-t 

Fic 1 TsTUcal Progress ot Burt. ne mdemeath the coating (Tsble 2) (3) the prate 

of 1 7 Mil Thick Z nc Plus Lead live Value increases With the thickness of the coat 
Coaling on 0 188 In Diam Un log (4) stranding of wire lo detrimental to the 
fabricated Steel Hire protection afforded by the coatings and (5) fabri 

* J L Bray and H E Zahn Senes W 37 July !•> 19tt and J L Bray and R. R Dohrman <!enM 
VV-6J November 9 1943 and V\ 89 May 3 1944 Project NRO-v.06 War Metallurgy Comrotl** 
Nat onal Re earch Council Nat onal Academy of Sc eoees Washington D C 

* Reports of Committee A o Araenean Soc ety for Test ne Mater als Proe Am Soc TetMg iJatmm 
S9 (I) 149 (19'’9> 31 (I) 181 (1931) 33 (I) 154 (1933) 35 U) 92 (193o) 38 (I) 90 (1938) 

* Reporta of Comm ttee A 5 Amencan Soc etyftw Test ng Mater ala Proc Am Sot Tttl ng Hoienau, 
34 (1) 172 (1934 ) 37 (I) 12'’ (1937 ) 39 101 (1939 ) 41 101 (1941) 43 78 (1943) 

* Private commun cat on from W H Sm th GlenPale WestVa. 

* Private commun cat on from Cont oental Steel Gorpot^l on Kokomo lad. 


PlTTSeURQH PA 

— COLLESe STA TEXAS 
- - ITHACA NY 
» TEUsOWSO N PIN HOkES 1 
OREO RUST IN PIN HOLES 
A SASe METAL RUST 
0 YELLOW AND RED RUST I 





Table 1. RESULTS OF OUTDOOR EXPOSURE OF Zn-Pb COATED WIRE 


LEAD coatings; 
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Cihlc: 17* « Vrllouetl in piiiliolcs. * I3:vrbs 1 rum (O.Ol iii.) diam. ^ years exposure, 

RP « n»wt in pinholes, 

R C3 UuHi of b!i.*»e nieial. 
r ^ Wllou* coloration. 

SR tp:* SufKTflcial mat. 
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Table 2 RESULT OF TEVSILE TESTS ON Zn-Pb COATED WIRE 
AFTER OUTDOOR EXPOSURE 

Brealung load in Lg and Ib 
EloDgatton lA 2o4 wim (10 in ) m per oe it 
For data aee Table 1 



Table 3 RESULTS OF OUTDOOR EXPOSURE TESTS ON 



* Private coiamumcatioa from \\ H Smith, Clen Dale, eat \ treinia 
t Formed and indented after coating 

t From 0 15 oi/sq ft {0 0065 mm 0 25 md) of aine plua 1 17 or/»q ft (0 032 mm. 1 25 mil) of lead to 
0 34 oa/sa ft (0 015 mm, 0 53 mil) of tine jdns 1 93 oa/eq ft (0 Oo3 mm, 2 1 mil) of lead, 
j private commumcatioa from Continental Sted Cotp , Kd^omo, Ind. 
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cation into fence or barbed avirc lias no great effect on the protective value of tbc 
coating*. 

The short-term test.* on Pb-Sn alloy coaling* (Table d) .*how them loo thin to 
compare with the heavier coatings referred to above. They are inferior to electroplated 
pure lead eoating* of similar thickne.*s. 

Only relatively short-term tests arc available on clcclroplnlcd coniinos. The tests 
of longc.*t duration were conducted in the indu-trial atmosphere.* of Woolwich, 
England,** and Detroit, Michigan.'^ All these tests indicate that the effect of porosity 
is overcome in coalings 0.025 mm (1 mil) thick. Tiiin- 
ner coating.*, O.OOG mm (025 mil), protect only for a 
.*hort time. (See Table 5 and Fig. 2.) 

Tc.st* in Columbus, Ohio, .show that the time of the 
year when the tests arc .started m.ay determine at Ica.st 
the early rate of development of rust on specimens with 
lead coaling* 0.005 mm (02 mil) thick.*’ 

Preliminary result.* from approximately O.S year 
exposures at four location.* are summarized in T.ablo 4. 

The following Icntntivc conclusions may be drawn from 
these tc.*ts; (1) Coatings 0.002 mm (O.OS mil) thick 
have little value out of doors. (2) The rate of rust 
formation i.* much more rapid in the humid sea coast 
atmo.*pheie of Kure Beach. North Carolina, than in 
the industrial sea coast atmosphere of New York City, 
or the rural atmo'phcre of State College, or the tropical 
atmosphere in Tela, Honduras. (3) The presence of a 
copper fla.sh under the lead is advantageous, except 
where the lead is no more than 0,002 mm (O.OS mil) 
tliick. 

OUTDOOR EXPOSURE IN CONTACT WITH SOIL 

Ilot-dip lead-coated hardware specimens which had 
fallen off the A. S.T.M. exposure racks® were badly 
riLstcd only where they were in contact with the soil. 

Soil eorra=ion tests, i® in which bare steel pipe, steel pipe coated by liot-dipping with 
about 0.025 mm (1.0 mil) lead, and lead cable sheathing were buried in a large variety 
of .soil.* for about 10 year,*, showed that the lead coatings added to the life of the pipe 
in well-drained .*oiLs of high resistivity. A higher rate of corro*ion of the lead coatings 
than of the lead sheathing, particularly in the more corra*ivo soil.*, indicate.* that the 
pora*ity of the coating* i.* a factor. The yearly average penetration of the lead-coated 
steel was always le-y than that of the bare steel in the same soil, varying between 
0.0003 and 0.019 mm (0.012 to 0.75 mil) against 0.0003 to 0.0G8 mm (0.12 to 2.7 mils). 
The yearly maximum penetration by pitting was not greatly affected by the presence 

® S, G. Clnrkc, J, VUctroilri>o*itors* Technicnl Soc, (UnrlftnO), IS, I.It (1039). 

^ K, Gir'lnf .SoUorberK, Proc, Arri. .S’or. Tffting Afettriah^ 43, 502 (191.3), APo private comnmnication 
from The Urlylitc Con>oration, Delrnii, Mich. 

* If. A. Pray, C. I„ Paint, a.-id P. 1.. Comln, .^erio W-O.',. Xov. 0, 1043, 4V-02, March 2*, 1011, and 
W — 114, June 17, 1044, 1’rojccr NUC-.”>.33,War Melallurtry Committee, National llceearcli Council, National 
Academy of .*cicr.cee. WnehinRton, D. C. See nI*o Ileport of Committee P-S, American .Society for Te.it- 
ins Materi.al*. Prf!<-inl IP, 1041. 

* Reports of Committee A-3, .\riierican Society for Teslinc Materials, Prof. Am. Site. Tf'linQ ifalfrinlf, 
29 (I). 140 (1020); 31 (1), 1*1 (1031): 33 (I). l.Vl (10,33); 35 (I), 20 (193,3); 38 (I), 00 (193S), 

K. 11, Lopan and S. P, Ku-inj;, J, Pc^farcK .Vatf, /iiie, Stanltnlf, J8, 3r.I (10.37). 



Fio. 2. Progre.*.* of Ru.sting o 
Elcctro])latctl Lead Continga 
from Fluoboratc Baths on Strip 
Steel in Detroit, Michigan. 







Taiim: 1. RK-SULTS OF OUTDOOR KXPOSURT3 TF»TS ON LK.\D.PLATED STEEL PANEI^ — Cm.dm/.-J 
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Table 5 RESULTS OF OUTDOOR CORROSION TESTS ON LEAD 
PLATED STEEL AT WOOLWICH, ENGLAND 


Coating cleetrodepoeited uaine perchlorate bath. 
Panels probably exposed m aenieal position. 


Thickness of Lead | 

1 Penod of Exposure 

mm 1 

mil 1 

6 months 

IJT 

3>t 

0 0025 

0 1 

Busted all oter 



0 0065 

0 25 

One third of surface 

Rusted nearly all 
over 

Flaky rust all over 

0 013 

0 5 

Pew very emaU rust 

Small rust patches 

Rust all over, smooth, 
adherent 

0 025 

1 0 

Few very email rust 

Few very small rust 

No apparent mat. 
good condition* 


* Further comments — ' The coating bad become blackened and a slight degree of roughness bad de- 
veloped due to Dueroscopie nodules of corrosion product. No rust was apparent, except at naeratcb ongually 
made through the coating, the rust was hard, dark so color and very loealired. ' 


of the lead coating About one half of the soiU were more set ere on the bare steel 
pipe than on the lead-coated pipe and Mce ter-a The talues of penetration for the 
lead-coated pipe \aned from 0 to 0302 mm (0 to 0012 in ), those for the bare pipe 
from 0010 to 030S mm (0 0004 to 0012 m ) 

Other comparatne soil corrosion tesU*® of 2 jears,’ duration indicate that the pro- 
tection afforded bj a lead coating takes place largely in the early stages before the 
coatmg IS penetrated and before pitting setc in 

T^ble 6 RESULTS OF SE\’ERE INDOOR EXPOSURE OF LEAD PLATED 
STEEL PANELS EXPOSED AT TVOOLWICH, ENGLAND 

Lead elcctrodcpo-ited from perchlorate eolutioo. 

Ex3K)9ure — id unheated building with window open to duxty and polluted air 

during nights m closed tcsscI otct water causing moistinc condensation on suriaces. 

Tune of exposure — 6 months during winter 



1 Thickness of Coating 

Coating 

0 0013 1 

mm (0 05 mil) 

0 013 mm (0 3 mil) i 
Surface 

0 051 mm (2 0 mil) 
Surface 


In Scratch to 
Steel 

Surface 

Lead 

Rusted 

Numerous rust spots 

Few faint rust spots 

No rust, bluish color 

Nickel 

Rusted 

Completely covered 
with rust 

Numerous rust spots 
greenish spots on 

Almost free from rust 
spots, greemsb 
spots on mckel 

Ooppe, 

Rusted 

Almost completely 
covered with rust 

Few faint rust spots 

No rust, tarnished 


Famt nist 

Almost free from rust 

No rust, darkened, 
famt whitish spots 
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INDOOR EXPOSURE 

After !’{: years exposure in an office building in Washington, D. C., malleable iron 
fitting? with hol-dip lead coalings 0.01 nirn (O.i mil) (hick and .--(eel stamping.? witJi 
electroplated lead coatuitj<; O.OOo mm (02 mil) thick siiowcd no ru^t but only 
tarnishing of (he lead it.sclf. 

Under conditions whicli permit frcr|iicnt condcn.=ation of water, niiling occurs 
rapidb’ at pore? and scratches.*’’ (Sec Table C.) 


HUMIDITY condensation tests 

The efToct of confinuou.? condensation of moi.sturc on both electrojilatcd and hol- 
dip coatings i.s shown in Figs. 3*' and -l.i'.’- On the electroplated co.itiim?, yellowidi 
white deposits form almost immediately and grow thicker with time, after which 



0 .4 .8 1.2 1.6 2.0 ^4 


THICKNESS OF 
LEAD COATING (MILS) 

1 ^ 0 . 3. Time for Development of 
First Rust Vi'-iblc at Arm's I..eiigt!i 
in 44° C (110° F), 100% Rcl. 
Humidity, on Load-Coated Steel 
Panels Held against Copper Con- 
densers at 33° C (90° F) and at 15° 
from Horizontal vs. Tiiickncss of 
Coating. 
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FTo. 4. Humidity Condensation Test on Plated 
Ia}ad Coatings from Fiuoboratc Baths. 



small pasted area-s appear that grow in size. The hot-dipped alloy coating? containing 
tin do not .show any white corrosion products and corrode much more slowly in thi.s 
tc.=t than the electroplated lead coatings. 

“ II. .\. Pray, C. L. Fauw. and E. E. Combi. Srrioi W-rij, Nov. 0, 1913, W-92, Marcli 2S. 19)1, and 
Y -114,1000 17, 1911, Project N'IlC-.'<a3. WnrSIetatlurfO-ConimiUeo, National Itc-r.arcb Conned, National 
Academy of .«oionce«, Utv-hington, D. C. See abo Itepori of Committee B-s, American Srjcicty for Te*tinr 
.Materia!*, PrrjHnl 19. 1944. 

Private communic.itinn from H A. Pray, BattcHc Memorial In*litnte, Columbus, Ohio. 





HR IN salt spray 


Aofe Rust »l\a>s appeared arouod bol« ID specim«D» but not on surface except n ecratcbes 



THICKNESS OP LEAD COATING (MILS) 
Fig 5 Tune for Development of Pirst 
Rust \i»ible at Reading Distance id 20% 
NaCl 33“ C (90“ F) Salt-Sprat Fog Test \s 
Thickness of Fluoborate Lead Coatings 


SALT SPRAl FOG RESISTANCE 
Since the salt-5pra> {og te t has only 
recently been standardited compari ona 
between results obtained in diSerent 
laboratories cannot safely be made 
Results of teats on both hot dipped 
and electrodepo iled coatings on «teef are 
found in Table 7 Other on hot 

dip lead coatmga (containing nominally 
25% Sn 2 0% Sb) on steel ^heet ha\e 
«hown lU-t to develop in the bands of 
chatter marks appearing at interv als 
across the sheet On ■'itnilar sheets with 
thumer coatings and cold rolled after 
coating ru t appeared in accidental 
scratches 

The effects of thickness of lead coat- 
ings from fluoborate «oIutioiis and of 
their angle with a v ertical plane are 
shown m Fig 5 

The typical manner in which rust 
dev clops on lead plated steel is indicated 
m Fig 6 *5 The original small rust spots 


^ Pnvate commumcation from W Bium Natioaal Bureau of Standards Waabington D C. 
** Myron B Diggin Metal Finuh\ng 41 418 (July 1943) 

^ Private communication from IL A. Battelle Memonal Institute Columbus Ohio 
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incrcn.'o in size and number until continuou'^- ni5t areas appear. At the .same time 
the le.ad it.=elf corrode.^, forming an incre.i.«ing!y lieavy Jaycr of wliite corra'ion 
products wliich is replaced by rust the test progresses. 

EFFECT OF COLD KOLLIXG 

The cfTcct of cold rolling of .steel electroplated in a fluoboratc bath with 0.0I3 mm 
(0.5 mil) lead has been studied in .salt-.--pray fog and humidity condensation te.st.s 
with results .shown in Table S.i'’ The elcctrographic test for porasity (p. l03I), contrary 



0 200 400 600 800 lOOO 

HOURS 

Fig. C. Salt-Spray Fok Test {207o NaCl, 0.>“ F) o' 0.013 mm (()..> mil) 
Load Coatings from Fluoboratc Hath. 


Taulk S. effect OF COLD ROLLING OI' LICAD-FLATED STEEL SHEET 
OX CORROSION IN SALT-SPRAY AND HUMIDITY CONDENSATION TEST 

Data on steel panels; sec Table •!. 

Platc<I in fluoboratc bath with 0.013 nun (0.5 mil) le.vi with and without preliminary O.OOOl nuii (0.015 
inU) copper fla-sh. 

Salt-flpray foK test usinR 20^^ NnCl solution, 3.V C J'). 

Humidity tc^t data: see Fic. 3. 


Hours for First Uust Vi^ilde .at Arm'.s Lonclh 


Amount of 
Defornmtion 

Salt-Spray Fog 

Humidity ' 

CoMdcn‘<ati(m 

Pb on Steel 

1*1) Over Cu 
Flaali 

Pb on Steel 1 

1 

1 3’b Over (*11 

1 riiL'^h 

No rolling 

■11 

1.37 ' 

MO 


Tisht rolliriR* 

137 

1.37 

■SIO 


O.l^^nionR. 

117 

1.37 

MO 


0..%-0.7^r nionc. 

1.37 

89 



l..',-2.ort rionc. 

117 

«)•» 

lOOS 



• No eh>ni;alion. 


n. A. Prav, C. L I'aMst, and ll. L. Combs. Series W-f.ri, Nov. 0, ^>43, W-02. March 2s, llLj I, nnd 
\V-l I4, June 17, lOtt. Pndect NItC-53.1, War Metnllurfy,* Committee, National Ktsearrh Council, National 
Ac-ademy of Sclenrc^. Wa.«hin;:ton, D. C. .<ee nUo KejKirt of Committee H-S, American .^’ocicty for Testing. 
Materials, J’rtprinl 19, 1944. 
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Table 9 SPECIFICATIOXS FOR LEAD AVD LEAD ALLOY COA.TINGS 




ANODIC TREATMENT OF METALS So7 

to the Fall^pray foR test, fIiowccI no sipnificanf offert of lolIinR on tlip inimbnr or 
size of pores on panels copper-flashed bcfoie lead platinc, but indicated ira)irovotnent 
in the specimens hnvinp the lead applied directly on the steel.'*’ 

Cold rollinp is piacliccd on steel sheet coited by hot dipping with a Ic.id alloy 
containing tin, 2% antimony, and < 0.5% silver. 

EFFECT OF SUPPLEMENTARY OIL AND tVAX COATINGS 
Traces of palm oil left on hot-dip lead-alloy-coated sheet after brnnning retards 
the formation of nisi spots in the salt-npiay fog tc-'t 

Application of molten microciystallinc petroleum wa\e.' to lead coatings O.OOC and 
0 013 mm (0 25 and 0 5 mil) thick fiom fluoboi.ite bath' on steel pieventcd rust 
from appealing within 4 months of outdoor cxpO'Ure in Columbu', Ohio, and rctaided 
greatly the rusting in the sait-spiay fog and Iniinidity condemition te.'ts.'*' Blushing 
with 9% ether solutions of the same waxes was ineffective or deliimental. 

LEAD COATINGS ON COPPER 

"When lead coatings containing tin arc applied to copper by hot dipping, a Cu-Sn 
alloj' layer is foiined which is cathodic to copper, at Ie.a.'t in “-ome atmospheres, and 
which causes deep pitting of the coppei through poics in the coatings. 

Copper sheet plated with lead coating O.OOB and 0 013 mm (0 25 and 0 5 mil) thick 
in fluoborate and sulfamate solutions'** exhibited no clear-cut evidence of base-metal 
corrosion after OS year outdoor exposuic m New Yoik Cilj', State College, 
Pennsylvania, or Kure Beach, North Carolina. 

SPECIFICATIONS FOR LEAD COATINGS 
The numerical requiiements in a number of specifications for lead and lead-alloy 
coatings aie faummarized in Table 9. 


Inorganic Coatings 
ANODIC TREATMENT OF METALS 
Junius D. Edwaiids* 

Certain metals, when made the anode in suitable electrolytes, acquire a stable oxide 
film. Aluminum, in paiticulai, is .sii'ccptible to thi.' kind of tre.ilmrnt, and the pioccs.s 
of anodic coating of aluminum has ie.iclicd subitanti.il piopoi lions becaii'c of the 
excellent protecti\e char.ictcii‘=ti''.s of the coating. Anodic coaling' c.ui al'O be 
formed on magnesium and zinc but aic inherently I(''S piotcclne. The major part 
of this discu'sion will Iheiefore be diiected towards the anodic tiealmcnt of aluminum. 
In popular usage, the anodic coating of metals is .sometime' leferrcd to as anodizing 

The anodic coating of aluminum is bc't carried out in acid solutions. Dept tiding on 
the characteristics of the electrolyte, thiee different conditions may juevail during 
anodic treatment. 

First, the oxide formed is substantially insoluble in the eieitrolytc. A nditivcly 
impervious and thin coating is fonned. This behavior is ob-erved in electrolytes such 
as solutions of boric acid and borates. The principal u=c of this type of loating is 
in electrolytic condensers and rcctifiera. 

* .Vluminum Research Laboratories, Muminuin Compani of America, Ne« Kcn-inplon, Pa 
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Second the oxide formed lo «!owJy dissohed by the electroljte A porous coating, 
permeated bj the electrolj tc, i* formed and growth of the coating continues as long 
aj the current pas ea Coatings of this tjpe are formed in electrolytes such as eolu 
tions of suKuric oxalic or chromic acids i - 
Third the oxide ma> diasohe m the electrolyte substantially as fast as it is formed 
Properly conducted, this type of anodic treatment re ults m electrolytic bnghtemng 
or electrolytic poluhing of the surface A «olutioa of fiuobonc acid is one electrolyte 
employ ed for this purpose with aluminum 
Electrolytes of the 'econd type are generally employed for the production of ‘ thick" 
coatings for the corrosion protection of afutmnum Coatings of this type can be 
controlled m thickness and poro«ily and, through various after-treatments, can be 
«ealed «Q that they offer greater protection against corrosion 

ANODIC COATING PROCEDURES FOR ALUMINUM 

The natural oxide film which forms on aluminum in air is of the order of 001 /i 
(100 A) in thickness ^^hen aluminum is made the anode jn a suitable electrolyte 
such as dilute «ulfuric acid and a suitable voltage applied the natural film breaks 
down at innumerable points and an anodic coating begins to form This film grows 
by the interchange of aiummum and oxygen ions across the film layer until the film 
reaches a thickness of about 0 03 to 0 05 (300 to 500 A) This is the so called barrier 

layer 3 < If the film is insoluble in the electrolyse, growth stops at this point If 
however the oxide film i® 'lowly soluble, pores form in the outer face of the coating 
and growth continues The oxide thus continues to grow m thickness as long a» 
electrolyte can reach the barrier layer through the pores Typical procedures for 
the anodic coating of aluminum are shown in Table I 


Tasle 1 TYPICAL PROCEDURES FOR ANODIC OXIDATION OF ALUMINUM 


Electrolyte 

Typical Operating 
CbaracleriBl ce 

Comments 

Chromic acid 3 g 

40 to 50 volia 

3 amp/sq ft 

Coating gray in tint and usually about 0 1 
m I (0 002o mm) thick 

Oxalic acid 3% 

6o \olle 

12 arap/sq ft. 

Coating cream-colored thickneas up to about 

1 inil max (0 02o mm) 

Sulfunc seid 15*^ 

13 -volts 

12 amp/eq ft 

Coating ah te or tranaparent thickness up to 
about 1 mil max (0 02o mm) 

Bone acid plus ammonium borate 

^ 50 to 500 volts 

Coating usually thin and ir descent th ck 
' ness proportional to formation voftage 


The pores are exceedingly fine and in 'ome types of coatings there may be as many 
as one trillion pore* (10^ ) per square inch-* It is important to note that while the c 
pores are wide enough to permit pa&age of electroly te, they are too narrow to permit 
the entrance of gross pigment particles and even most colloidal particles Because 
of the 'olv ent action of the electroly te, pore diameters near the surface of the coating 

*J D Edwards Anodic Coating of Aluminnm AfonUJj/Jler Am £Uclrpplafrrs Soc 26 513 (1039) 

* O F Tarr Xtarc Damn and L. G Tnbba Aaodie Treatment ot Aluminum jn the Ctironiic Vcid 
Bath Irtd Eng Chem. 33 lo7o (1941) 

* Scott Anderson Mechanism of 'Electrolytic Oudalion ol Aluminum J Applied Phynct IB 477 
(1944) 

D Edwards and F Neller The Structure of Vnodie Oxide Coatmes Fran* Am Inet Vtntng 
Vet Engri Institute of Metals Division 156 288 (1944) 
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STiO 

are usually larger, and, in fact, the coating near the ftirfacc may liavo a iioneycomh 
structure because of the breakdown of the walls between iiorcs. It may al.-o bo 
noted that the porosity, or pore volume, generally increa-'C? witli increase in tem- 
perature of the electrolyte and increase in time of immersion in the electrolyte 
because of the increased dissolving action on the oxide.’’ The electron rnicrograph.s 
of a cross section and surface anew of porous oxide coatings, which arc shotni in 
Figs. 1 and 2, help visualize their structure. 



Fio. 1. Electron Microgrnpli of Cross Section of Fio. 2. Electron Micrograph of Sur- 
Portion of Thick Oxide Coating on Pure Alumi- face of ICxtrcnicly Thin Oxide Coating 
num, Made in Sulfuric Acid Electrolyte. Mngni- on Pure Aluniiinim, Made in Sulfuric 
fication 21,500. (Edw.ards and Keller.) Acid Electrolyte. Magnification 08,- 

000. (Edwards and Keller.) 

On pure aluminum, the oxide coating is transparent, gla.s.sy aluminum oxide con- 
taining adsorbed ions characteristic of the cleclrolyte in which it wa.s formed. How- 
ever, commercial aluminum and aluminum alloys contain coirstitucnt particles whase 
electrolytic behavior substantially modific-s the physical characteristics of the coating. 
These constituents can bo grouped in three cla.'se.s according to their behavior 
during anodic treatment.*’ 

1. Alloying constituents which arc in solid solution. 

2. Constituents not in solid solution which are not appreciably dbsolvcd or oxidized 
by the anodic treatment. 

3. Con.stituents not in solid solution whicli arc readily di.ssolved or oxidizeil by the 
anodic treatment. 

•The constituents which remain in the coating change its color and opacity and may 
also modify the protective characteristics. The constituents which dtssolve anodically 
m.ay leave voids in the coating, thus increasing the pora=ity and affecting it.s 
protective value. 

® J. D. K(lw'.'>rcl.‘< and F. Keller, "Formation of .-Vnodic Coaliiig'' on Aluminum," Trnn^ VUcIrochrm. Soc., 
79 , 1.15 ( 1941 ). 

r. Keller, G. W. Wilcox, M. To*tcrud. and C. J. Slundcr. ".\nodicalIy Oxidiie<l Aliiminutn Alloyn 

".\nodic C5)atinE of A1 — Behavior of CoiwlituciUs," .Ifrtnf* and Alloys, 10. IS”, 219 (1939). 

PHOTECTIOX Py AXODIC COATIXGS 

The protection afforded b.v anodic oxide coatings ic of the same general t.\7)o ns 
that rendered by the natural oxide film on aluminum. However, the natural film is 
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tery thin and anodic coat ngs because of their greater thickness and abrasion 
re 1 tance offer much better protecbon both against corro i\ e attack and mechanical 
injurj Aluminum oxide la relatiielj stable in the atmosphere and in weakly acid 
solutions in the range of pH 4A to 70 In strongly acid solutiona and m particular 
alkaline solutions oxide coatings on aluminum are attacked Anodic coatmgs find 
their principal field of application therefore in protecting against atmospheric 
attack 

In apprauing the protective action of anodic coatmgs their structure must be 
considered The protectn e action is fundamentally that of a continuous stable oxide 
film resistant to penetration by liquids Emphasis should be placed on the continuous 
character of the oxide for its integrity may be affected bj the inclusion of certain 
constituents or the oxidation products of constituents or b> the solution of con.titu 
ents leaving neak spots in the film As the thickness of the film increases the weaken 
ing effect of constituents decreases Although the impervious barrier la>er is tery 
thin it IS mechanically protected by the overljmg porous oxide coating In general 
outdoor 'ervjce ao on architectural elements the trend lo to expect greater service 
from the thicker coating® other condit ons being equal 
The barrier la 3 er need not be relied upon entirely for protection since the pores 
can be plugged bj various procedures known as sealing treatments The protective 
action of the coating can al o be increased by adsorbing certain corrosion inhibitors 
m the pores 

One of the widely u ed sealing proce es inv olv e* treatment of the coating with hot 
or boiling water resulting m the transformation of aluminum oxide into aluminum 
monohjdrate AIoOs H«0 There is no change in the appearance of the coating but 
the coating is no longer ad,orptive The pores maj aLo be «ealed by treatment with 
hot dilute solutions of nickel or cobalt acetate Colloidal hydroxides of the e metals 
formed bj hjdrolj«i3 are occluded m the pores and seal them The pores ma> aLo 
be sealed with oiL waxes rc in» and ®iroilarly acting materials’ 

Impregnation of oxide coatings with chromates b> adsorption from solution is a v ery 
important means of increasing the resistance of the coating to corrosions The 
adsorbed chromate helps repair any breaks m the coating during attack by a corro ne 
agent Coatings impregnated m this manner are gi en increased resistance to attack 
b> «alt solutions such as sea water 

To illustrate the protective characteristics of anodic coatings in laboratory tests 
with <3lt spraj and al o when expa.ed to the weather the results of a ®eries of tests 
are presented m Table 2 In the»e te^ts it appears that the thicker coatings tend to 
be more protective although the protect on is not proportional to the thickness 
In «alt =pray envuronment at least the cl romale sealing treatment gi' greater 
protection than hot water «ealing The coating on the copper bearing alloj 1”^* 
(Duralumin) were lets protective than on 5*^8* alloy which contains 25% roagnc'ium 
Similar paneL were exposed to the weather at several location* At "New Ken« ngton 
Pennsvhania an indo-tnal atmosphere panels 12 4 and 5 although 'omewhat 
stained with dirt were virtually free from corrosion when examined after 3 jears 
exposure There was definite but not venous corro. ion on the back of panel* 3 and 6 
and somewhat more sub-tmtial evidence of attack on panel 7 

In Table 3 are gn cn data on the change m phj ical properties of three different 
coatings on alloy 17S-T as observed in another 'alt-spray te*t 
• Code numbers (or alum num and alum num alloys are desenbed n Table 1 p 30 
r J D Edwards Anodic Coat ng of Alum num MmtUgRev Am Ele troplaters Soe 26 513 (J939) 
»J D Edwards U S Patents J 04G lal l9461o’ireb 6 1934) 
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T.ujle 2. PEUFORMAXCE OF AXODIC COATIXGS IX SALT-SPIGVY TESTS* 


ContinrB marie in luCo Bulfuric acid clcclrolyte. 

Nominal composition of 52S: 2.5 M#?. 0.25*;^ Cr. remainder AL 
Nominal composition of 17S: dCc Cii* 0.5% Mp, 0.5% Mn. remainder Al. 


Specimen 

No. 

^Alloy- 

Corvic<l 

ScalinK 
Procctlvirc ' 

Time of | 
CoalinR 

Tiiickncss of Coating'; 

AVeiirht (if 
CoutiliK 

j Firrt 
.\ttuck 
Oh-rrv'cd 

min 

cm 

1 mil 

me per 

pq cm 

1 

52.S 

Hot water 

20 

0.00071 

0,2S 

1.0.7 

Nonet 

2 

.A23 

Hot water 

30 

0.00009 

0.30 

2. IS 

Nonet 

3 

r,2S 

Dichromatc 

10 

0.00030 

0.12 

0.70 

IS months 

4 

.*)23 

Dictiromntc 

20 

0.00074 

0.20 

l.SO 

Nonet 

r, 

52.S 

Dichromatc 

30 

0.00001 

0.37 

2.73 

Nonet 

G 

17P-T 

Dichromatc 

30 

0.00101 

0.41 

1.01 

Nonet 

7 

17S-T 

Hot water 

30 

0.000S4 

0.33 

1.70 

000 hours 


* iSpray from 20% solution at room (empernture. 
t After J8 months c.Tposurc. 

NoU. The rating “none" includes those panels shoninp only a few small pinhole points of attack. 


Coatings of adequate thickness made in sulfuric acid electrolyte, when properly 
sealed, maintain an excellent surface npi)carancc in a clean atmosphere. In industrial 
atmosphere.s, however, a certain amount of maintenance is ncec-ssary to preserve this 
appearance. Du-«l or cinder ])articlcs, becoming attached to the surface, may adsorb 
moi.sture and sulfuric acid from the ntmo.spherc, with resultant attack of the coating. 
For best service, therefore, a coating should bo kept clean bj* occfisional wa.shing or 
preferably by waxing. Under these conditions, coatings have maintained a good 
surface appearance for periods up\vnrd.s of 10 j’ears. 


Table 3. S.VLT-SPRAY EXPOSURE TEST ON ANODICALLY COATED 

ALUxMINUiM ALLOY* 


Electrolyte 
Employed for 
Coatiuf: 

Sealing 

Method 

Period of ! 
I'Jjcpopure to 
Sail Spray.t 
ycarji 

Thicknc?? 1 
of 

CoatinK> 

mil 

Charmr in Phypiral 

Properliw.t Vc 

Tcn.MiIo 

Strength 

Elonj^ation 

Sulfuric acid 

Hot water 

1 

0.4 

msam 

—10.0 

Sulfuric acid 

Dichromatc 

1 

0.4 


— 1..7 

Chromic acid 

None 

I 

0.1 i 

muM 

-32.0 


• Xominal composition of I-I-r.iec plicot IT.S-T: -1% Cu, O.-SCt Mk. O.H'A -Mn, rrnmindcr .Al. 
t Average of on five pamplc,**. 

t Exposed continnoiisly to -pray from n solution contriininc 20% rodium chloride nt room tcmpcr.-iturc 


One of tlie principal uses of anodic coatings lias been a.s a b.^se for paints on aircraft 
.■^tructuras. Anodic coatings give increa.>:ed adhesion and life to paint coating.s because 
they provide an inert surface between the metal and the paint film. This minimizes 
the pavsibility that any moi.sture penetrating the paint coating will attack the metal 
and cause Ios.s of adhesion. Anodic coatings made in chromic acid electrolyte were 
first used for this purpose, but there is now also a wide use of coating- made in 
sulfuric acid electrolyte and scaled in a chromate solution. 
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ANODIC COVTINGS ON MAGNESIUM AND 2INC 
Anodic coatings can be formed on magnesium* but they are not so protectne 
tbixe formed on aJummum The oxide of magnesium la more «o3ubIe in water than is 
aluminum oxide and the solubilitj la greatlj increased bj the presence of carbon 
dioxide The problem of sealing is, aLo difficult One of the anodic treatments which 
has had considerable uoe utilizes an electrolyte containing sodium dichromate and 
monosodium phosphate The coatmg produced therein is thin but substantially 
increases the surface protection when u cd m combination with suitable paint coatings 
A coating of substantial thickness and abrasion resistance can be produced by anodic 
treatment of magnesium m a solution of •'odiuni hjdroxide with or without addition 
agents 10 (\nodic treatment can also be earned out m a chromate^ulfate ammo 
mum hydroxide bath See Chromate Coatings on Magnesium Alloys p 864 ) The «eal 
ing of such a coating m a chromate solution effectiiely increases the protective power 
and makes a good base for the application of protectne paints i* 

Thin anodic coatings can also be produced on zinc* bj treatment in eleclroljles 
containing chromic acid or chromates Limited commercial use appears to have been 
made of tbe'e processes 


CHROMATE COATINGS ON ZINC 
E A Anderson* 

It has been pointed out m Zinc p 331 that zinc normally corrodes rather evcnlj 
m the outdoor atmosphere with the formation of relatively thin corrosion product 
61ms ’Uhen sine is m contact with thin highly aerated water 61ms for extended 
periods of time or m stagnant water with limited access to OKjgen the corrosion 
becomes uneven and rapid Bulky coiTo..ion products form and m very bad cases 
pitting becomes pronounced The most «enous effect U'uallj is that these bully 
corrosion products may bind mov mg parts Means to prev ent this type of attack hav e 
been developed based on the known inhibitive effects of chromates 

Several procedure*^ ^ * are available b> which protective Elms consi tmg es=.en 
tially of chromium «alt3 can be produced on zinc surfaces Complete details for one 
proceso hav e been pubhahed ^ In this case the film la reported to be a basic chromium 
chromate of the general formula CT 2 O 3 C 1 O 3 \H->0 with 3 film thickness ol about 
OOOOo mm (0 02 mil) It is produced bv simple immer®ioa m a solution containing 

hexavalcnt chromium (eg Cr-iO? ) and sulfunc acid IV hen placed m contact with 

water the film hj drolyzes, releasing soluble bexavalent chromium Similar detaiL for 
other procedures are not available The data discussed below are for the process 
dc cnbed in reference footnote 1 

The protection afforded bj this tjpe of film against corrosion in stagnant water 

• Research DiviBion Isew Jersey Zme Ck) Patoerton Pa. 

*J D Edwards Anodic and Surface Convers on Coat ngs oo Metals Tram Electrocfiem Soe 81 
341 (194'’) 

R B Mason A Protective F nish for Magnes um Alloy# Iron Agt 157 48 March 21 (1946) 

n N n Simpson and P Cutter Anodic Process for Protecting Magnes um Modem Melalt 1 18 
March (1945) 

^ E A Anderson Proc Am. EleelropJalerg Sae p 6 (1943) Cronak process U S Patent 2 035 380 

* A.t_G Taylor Proe Am Electroplatert Soe p 6 (1944) 

®J E Starck Proc Am. Electroplatert Soe p 235(1944) 
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Taiiu: 1. CORKOSION OF UNTREATED AND CHUOMA'ni-TUKAl'ED 
ZINC-COATED STEEL IN DISTILLED WATER* 

Matorinl — zinc-c'>atc<l fitool, coalini; of 0.r» ot per «<| ft of Rurface, 

Spfcimon size — -7.0 X 10,2 X 0.0(tl nm (3 X4 X0.02( in). 

NiJJn)x*r of fipr<;]rnen3 — guodruplicatc jo J )j!cr of w/jirr. 

Water — — boilefi and cooIe<l to rf»om temperattire, Clmnjjcil after 1, 2, 10, 17, 21, ‘ir), (*2 <lnyR 

and every 2 weeks tbereafter. 

Specimen siiapcnpion — rods throt 4 »h holes. Holes and etil e<lc:es coated with a pilch-typo enamel 
(Hermaatjc cnan\eU. 

Duration — I7r^S days. 

Temperature — room. 


Time in Days to Appcaratice of 


Treatment 

Zinc Corrosion 

Iron Rust 

Specimen 


Products 

Perforation 

None 

1 

DO 

TkSS 

Chromate Film 

as 

DOS 

17CS 


• L. A. Anderson, Pfoc. Am, KUctroplntcrs' Soc . p. 6 (11)13). 


is5ho«'n in Table 1. Corollary teals' inrlicate that, the rs,«ontial protection, particularly 
at disconlinuitio?, i? supplied by the .■soluble hoxavalcnl chromium portion of the film. 
The efTcct is the same as that produced with untreated zinc by diehromalc added to 
the water in the .=amo concentration. The iasohiblc trivalenl chromium ])ortion of the 
film contributes sulisttintially to the protection, probably by mechanical cxclu.sion of 
water from tlic surface. 

Depending u\iou the particular process used, the color of the chromate films i.s 
yellow, golden, iridescent, or olive green. TJio general tendency i.s for the filni-s to 
lose their yellow color as the hexavalont chromium portion is leached away. The 
residual film u.sually is greenish in color. 

The duration of protection in .«crvico niu.st bo determined by actual .service tests 
since the rate of lo.^^^ of the .soluble hc.vavalent chromium jmrtion will depend upon 
the moisture conditions encountered. 

Tc.-ts‘ in the water layer of gasoline-water mixtnre.s (to .simulate carburetor or 
gasoline barrel .service) .sliowcd a weight lo.=s of only 0.0027 gram for eliromatc- 
treated rolled zinc in comparison with a Joss of 022091 gram for untreated rolled zinc 
specimens of the .same size in similar exposure. Chromate films lun'o boon used .micccss- 
fully for a number of years in the protection of die-cast zinc-alloy carburetor bowLs 
and hot-dip-coated ga.soline barrek agaimst attack by water in the gasoline. 

At the present lime, chromate filiTus are widely used in connection with thin electro- 
galvanized coatings on steel stampings and on zinc-alloy die castings. In mast cases, 
severe corrosion would not have occurred even though the film wore not present. 
However, many devices would be rendered inoper.ablc if relatively .small amounts of 
corrosion producUs were permitted to form. 

Efrr.cT OF Tr.MPi:u.\TUiiE 

Chromate films of the prc.sent type are known to be damaged by exposure to drj' 
Iicat at tcmpcraturc-s exceeding .about CS’ C (150° F). The damage tak&s the form 
of a sharp reduction in the ability of the film to protect the zinc .surface at film 
discontinuities. The mechanism of the change appears to involve tlic lo-- of combined 
'water. 

* L’npubVi?)ic<i ilata. ibc NVw Jrryry 7/inr Company. 











SG4 CORROSION PROTECTION 

In 'ome ca^es parts are painted m certain areas with the film left exposed in others 
The adhesion of baking enamels to the chromate films appears to be adequate The 
influence of temperature in the bakmgstep has not been established clearly Although 
the temperatures used exceed that known to be eafe under dry heat conditions 
sati'factorj co mm ercial experience has been reported 


CHROMATE COATINGS ON MAGNESIUM ALLOYS 
W S Loose* 

Chromate films are formed on magnesium and its alloys by immersion or anodic 
treatment m acid baths containing dichromates or mixtures of dichromates and other 
oxj acid «alts, such a* the sulfate- phosphates and nitrato The films formed are 
normally amorphous muxtures compcked largely of hydrated chromium and mag 
ne'ium oxides I\hen alloying elementa such as aluminum zinc, or manganese are 
pre-ent m the treated alloy they arc al o found m relatively large amounts m the 
films formed, Tvhea sulfates phosphate* or nitrates are added to the chromate 
soIutioiL, they too are found in the coating 

From the host of treatmentst^ that have been propo cd for magne mm alloy 
only the corro«ioa results obtained from the four most commonly u«cd are given 
The application of Typao I-FV treatments are described m detail in the Army Navy 
Aeronautical Specification AN M-12 Tbcir common names and corresponding treat- 
ments are as follows t 

Type 1 Chrome PicUe 

Dip % to 2 mm m a bath compo ed of 180 grams/liter of N a'>Cr«> O7 2HoO and 187 
ml/hter of cone H^03 maintained at room temperature Hold 5 see in lie air after 
removing from bath, rinse and dry 
Type II Sealed Chrome Ptckle 

Same as Type I but followed by a scaling treatment in a boiling bath contammg 
100 to 150 granu/liter of 2H2O for 30 ram 

Type III Dtchromale 

Step 1 Dip 5 mm in an aqueous solution containing 15 to 20% by weight of HF 
mamtamed at room temperature Rinse 10 cold water 

Step 2 Boil parts 45 min m a 10 to 15% NanCrnOr 2H''0 aqueous 'olution or 
allemalely for 30 mia in this solution saturated wUh MgFs or CaFs Rinse and dry 
Type IV Galiamc Anodize 

Step I Same as Step 1 m Type HI 

Step 2 Galvanically anodize the magne lum at 1 1 amp/ q dm (10 ampAq ft) 
for 10 mm m a bath operated at 50* to 60’ C (120® to 140’ F) and compa.ed of 
30 grams/liter of NasCr^O, 2H3O, 30 grams/liter of (Ml4)2SOi and 10 ml/liter of 
IvHiOH (=p gr 0^) The m3gnc«ium is electrically connected to the steel tank 
containing the solution to generate the neca ary current 

• Metallurgical Departmect Do» Cbcnucal Co tl tSand Mich- 

t The chromate Vreatroeota are applied alter cteamsK »“ alt-aUoe or acid bathe in the usual manner to 
remote grease and corro-ion products. 

W Schmidt W H Oroee and H K DeLong The Surface Treatment of Magne* urn AUoi* 
The Surface Trentment of MeUdi p 36 The Amenean Soewty for Metals Cleveland Ohio 1941 

®J L BleiweisaadA J Fusco Protective Treatmeola for Magne* urn Vtlalt and AUoyt 21 41? 

(February 194o) 
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The effect of these ticatments in preventing corrosion or tarnish and in improving 
the adhesion of paints is given in the following paiagiaphs. 

RESISTANCE — AQUEOUS MEDIA 

Figuie I shows corrosion data obtained upon testing a tniical controlled and 
uncontrolled purity wrought alloy in a 3% NaCl solution. With the controlled 
purity alloy (AZ 31X), where iron and other seveiely cathodic impurities aie main- 
tained below the toleiance limit, the type of protective tieatment has little influence 
on the coirosion late. AVith the same alloy (A.S T. M AZ 31), however, wdien the 



Fig. 1 Effect of Chemical Treatment on the Corrosion Rate 
of Magnesium Alloys in a 3% NaCI Solution 


Allou componlion — % 



Allou 


Dcsignnlton 

Form 

Al 

AZ31 

Sheet 

3 0 

AZ 02 

As cast 

8 0 

AZ 31X 

Sheet 

2 7 


Zn 

i1/n 

Fe 

AT 

0 77 

0 23 

0 013 

<0 001 

1 9 

0 13 

0 008 

0 002 

I 02 

0 35 

0 001 

ml 


Specimen size — 75X25X00 cm (3 XI X0 25in). 

Surface preparation — acid-picUed (S% HNO3 + H2SO4 by vol.) pnor to chemical treatment. 
Temperature — 35® C (95° F). 

Aer ition — probablj saturated 
Duration of test — 14 dajs 
Volume of testing solution — 100 ml 

Testing method — alternate immersion — 30 sec in medium •“ 2 min in air. 
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impurities exceed the tolerance limit, the corrosion rate 15 greatly affected bj the 
chemical treatment T3^ea I and II chromate treatments reduce the corrosion rate 
but Tj-pe III produces a maxiraum reduction m the rate Probablj the most impor- 
tant step m the u e of Tjpes III and IV treatments is the hjdrofluoric acid dip This 
acid is known to be especially actne m removing cathodic impurities that would 
normally cause corrosion in accelerating media The MgFa film formed on the 
magnesium surface also appears to be important in catalyzing or m some way 
promoting chromate film formation 

Also shown in Fig 1 is the effect of the chromate treatments on the corrosion rate 
of a typical casting alloy (A S T M AZ 92) Although the iron content of this alloy 
IS well abov e the tolerance limit, the zinc present modifies the effect of the cathodic 
impurities and greatly reduces the corrosion rate of the base alloy Types II and III 
chromate treatments produced maximum lowenng m the corrosion rate 'With a 
controlled purity alloy of this composition the corrosion rate would be unaffected by 
the chemical treatment 

W hen painted, then tested in 3% NaCl, both the increa..ed corrosion resistance 
provided by the chemical treatment and the adhesion of the paint to the treated 
surface are important Although Types I, II and IV treatments show good corrosion 
resistance and paint adhesion, the Type III treatment offers maximum protection 
Controlled purity alloys given these chromate treatments and then painted are much 
superior to similarly treated uncontrolled purity alloys 

RESISTANCE — EXTERIOR EXPOSURE 

Unpaivted 

Figure 2 shows results obtained on a Mg Mn alloy and two of the alloys «hown in 
Fig 1 when exposed to a severe indu»trial atmo«ph€re for a peiioo of 1V> years The 
resistance of the coating was judged qualitatively on the general appearance tarnish 
iDg corrosion and coating decomposition The tarnish rate of magnesium alloys is 
greatly affected by the alloy content of the metal Although the 3% NaCl test 
showed the controlled purity alloys to be much more resiotant to corrosion no effect 
of purity could bo noted on samples exposed to the atmosphere The chemical treat- 
ments provide little protection for the Mg Mn alloy, although the Type IV 
treatment produced some iioptovement m resiatance to change Alloy AZ 31 was not 
by Ty,^ L oc Type 11 treatments^ but Typia III ami LV produced con 
siderable re-istance The casting type alloys exemplified by Alloy AZ 92 are much 
more resistant to atmospheric tarnish than the alloys of lower alloy content 'When 
treated with Types III and TV treatments, little change m appearance was noted 
after 1% years jnduotnal expomre 

The Type III treatment al o gives defimte protection from corro-sion even under 
severe coastal exposure conditions After 2 years at Kure Beach, North Carolina, 
at a station 800 ft from the ocean this coating normally shows little change in color 
Although even untreated controlled punty alloys show only a 2 to 5% loss in tensile 
strength after 2 years exposure, the Type III treated alloys normally show less loss 

Paivted 

Perhaps the mast important single requirement of a protective coating on 
magnenum alloys is that it provide a ba'se to which paint will have good adhesion 
over an extended penod of time All of the four treatments listed above provide 
a ba«e to which paint adheres well after 2 years industrial or coastal expo ure To 
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obtain maximum adhesion with Types I and II, a definite eteh of the metal must be 
produced. The build-up of magnesium nitrate in, or the addition of sulfates to, the 
chrome-pickle solution will inhibit the etch formation on the magnesium surface and 
will definitely cause a reduction in the paint adhesion characteristics. The Types III 
and IV coatings are somewhat thicker than the coatings produced by Types I and II, 
and good paint adhesion is normally assured by absorption of the paint into the 
relatively porous chromate film. 


A,S.TM. ALLOY AZ3I 



Fig. 2. EfToct of Chemical Treatment in Preventing Surface Corrosion 
in an Industrial Atmosphere at Midland, Michigan. 


Alloy composition — % 


Deaignalion 

Alloy 

Form 

Al 

Zn 

Mn 

AZ31 

Sheet 

3.0 

0.77 

0.23 

AZ 02 

Ab cast 

8.9 

1.0 

0.13 

Ml 

Sheet 

<0.03 

<0.001 

2.0 


Specimen size — 14 X 7,6 X 0.6 cm (6 X 3 X H in. ). 

Surface preparation — acid-pickled (S% HNO3 + H2SO4 by vol.) prior to chemical treatment. 
Duration of test — IH years. 

Testing method — 45® exposure facing south. 

Temperature 6® C (21® F) winter; 22® C (71® F) summer. 

P = Poor; F = Fair; G = Good. 


PHOSPHATE COATINGS 
V, M. Darsey* 

Phosphate coatings on metals result from chemical reaction of phosphoric acid 
with the metal surface to form a non-metallic coating, as contrasted with metallic 
or paint coatings which generally do not require chemical combination with the base 

• Parker Hust Proof Co., Detroit, ilich. 
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metal The moat commonly ii?ed coating solutions contain zinc and iron or man 
ganese and iron pbo’^phates The solutions leaet chemicallj ivith the metal until 
the surface is comerted into a C 13 tallme phosphate coating An oxidizing agenti 
capable of oxidizing hjdrogcn and thus prexentmg the formation of a h} drogen film 
on the metal surface during treatment 13 used to accelerate formation of the coating 

The phj ical charactenstica of the coating such as thicloie s crjstalbne structure 
and penetration of the ba«e metal can be controlled bs the method of cleaning prior 
to treatment bj the manner m which the solution la applied bj time of treatment 
and b} modif 3 nng the composition of the "elution Advantage of the^e factors has 
been utilized in two widelj u^ed commercial proce-^es* One of them produces in 
30- to 60-min treatment a heav-j corrosion resistant 01 ! absorptive phosphate coating 
on metal articles and the other a thin dense crystalline phosphate coating m 1 to 
5-min treatment adapted to increasing the adhesion and resultant durability of applied 
paint fini'shes 

The method of applying the phosphate coating is usually determined by the size 
and shape of the article to be coated Small items such as nuU bolts screws and 
stampings are coated by immersing in the pho^phatmg solution whereas large articles 
such as automobile bodies and refrigerator cabinets are spray ed 

Differevcb in Phosphoric Acid Cleaking A^’I> Phosphate Coated Metal 
Surfaces 

Phosphoric acid metal cleaners usually consist of pbo'phonc acid and a water 
Boluble organic grea e solvent with or without a wetting agent The purpo ts in the 
preparation of surfaces for painting with such solutions arc to remove grease and rust 
m one operation and to prov ide a slight etch of the metal whereby paint adha.ion la 
promoted To accomplish this result the cleaning olution must conta n sufficient 
acid a'nd solvent to remove ru«t and grea«e The acid concentration la «ueh that 
formation of any <>ub«tantia] phoLphate coating la prevented a contra ted vv th the 
u«e of dilute acid phosphate «olulions containing metal pho phatcs as described 
above resulting m precipitation of a vi ible crystalline phosphate coating on the 
surface 


PHOSPHATE COATINGS AS BVSE FOR PAINT 

Experience has demonstrated the increase in durable life of paint finishes applied 
over phosphate-coated surface ” la addition to mcrea'ing the adhc ion of paint films 
to metal surface* the phosphate coaling retards underfilm corro ion and the spread 
of corrosion wherev cr the pamt film is scratched or abraded The comparativ e protec 
tion agaiiLst corrosion afforded «tocl by two spray coats of baked synthetic enamel 
applied over three different methods of mrface preparation was demomtrated in 
outdoor exposure te^ts of 6 years duration® The three methods of metal preparation 
before painting consuted of (1) solvent vapor degrea ing (2) “jandbla ting and (3) 
coating with phosphate Observation of the panel after exposure revealed in the 
case of the vapor degreased «teel «evere underfilm corrosion at an intentional scratch 
with considerable corro ion on the dommant surface of the panel General failure 

• Called Parfceni ng and Bondenzmg 

> U S Patent 1 911 720 (1933) 

*V M Dar«ey *£5601 of Corro* on on the Durability of Pamt Htos Ind Eno Chem. SO 1147 1152 
(1938) 

• Unpublished data Parker Rust Proof Co 
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occurred on the sandblasted panel at the highest points of the roughened surface, but 
the phosphate coating substantially improved paint protection and retarded underfilm 
corrasion at an intentional scratch. 

Paint Retention of Untreated and Phosphate-Coated Steel 

The retention of paint bj' metal surfaces is an important factor especially where its 
application is by dipping or flow coating and the article contains sharp edges. During 
curing or drying, most paint films tend to pull away from edges because of poor 
adhesion, resulting thereby in reduced film thickness at such areas. In Table 1 is 


Table 1. RETENTION OF PAINT BY UNTREATED AND PHOSPHATE- 

COATED STEEL 

Panel size — 4 X G in. full-finislicd sheet. 

Primer — U, S. Armj' Specification ESGSOA, Class 101, 

Paint \nscosity — 24 sec No. 4 Ford Cup at S0“ F. 

Dipped — withdrawal rate 5 in. per min at constant speed. 


i 

Primer TVt. per bq ft 
Retained, oz 

Increase in Retention 
over Untreated Steel, 
% 

Steel, untrc.'ited 

0.139 


Steel, phoaphate-oonted (Roller application) 

0.177 

27.3 

Steel, phoaphate-coated (By spray) 

0.200 

43.9 

Steel, phoaphato-coated (By immersion (dipping)) 

0.242 

74.0 


shown the amount of paint remaining on untreated and phosphate-coated steel applied 
in various manners. Weight of diy primer was obtained b}' weighing panels 'before 
and after painting. The increased retention of paint by phosphate-coated steel in 
relation to untreated steel is a primary factor in preventing the spread of corrosion 
from edges of painted phosphate-coated surfaces. 

CORROSION RESISTANCE 
Oil Finish for Corrosion Resistance 

The affinity of heavy phosphate coatings for oil, wax, stain, or coloring as one of 
their valuable characteristics utilized in practice for corrosion prevention. Any method 
for testing the corrosion resistance of phosphate coatings usually includes addition of 
oil or a subsequent finish. 

A variety of articles such as nuts, bolts, screws, washers, and stampings are 
phosphate-coated and finished with oil or coloring treatment for corrosion prevention.' 
The facts that no electric current is used and formation of the coating is solely 
dependent upon the processing solution contacting the metal surface make possible 
the production of uniform coatings on irregularly shaped articles. Various types of 
oil-containing corrosion inhibitors and rast-preventive finishes are used, depending 
upon the protection and service required. Frequently coated parts are finished by 
dipping in linseed oil reduced 2007o with mineral spirits, followed by centrifuging 
to remove the excess oil. Steel sheets and strip used in the manufacture of food cans 
are commonly phosphate-coated and the fabricated can then finished with a lacquer 
or paint enamel. 
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S\lt-Sprat Test of Phosphate Coating withoet Oil Finish 
In Table 2 la 'hown the difference m corro ion re^utance of phosphate-coated steel 
without oil or other finish and uncoated steel after \arioua expo ure periods in the 
'alt-^pray te t The extent of coiTOL.ion wan determined bj weighing of specimens 
after stripping m inhibited acid according to a method described bj R C Ulmer^ 

Table 2 CORROSION OF PHOSPHATE-CO\TED WD UNTREATED 
STEEL IN aALT-SPRAY TEST 
Mg per Sq Cm 

Hours in test 24 72 240 744 

Steel (s 4 E ItTO) untreated 2 20 5 ol 14 26 34 OS 

Steel pho'phale-coated O 18 0 31 0 67 3 32 

PHOSPH-ATE COATINGS ON ZINC 

BecaiL-e of the reactne nature of zinc it is ordinaril} difficult to obtain good paint 
adhe ion without adequate chemical treatment of the «urface Pho phate coating of 
zinc and zinc allojs retards corrcLion and increa«eo the adhe ion and resultant dura 



Painted without treatment Painted after Pho«phate Treatment 


Fla 1 Effect of Phosphate Treatment on Protection of Baled Enamel on Zmc 
Finish 2 coals baked synthetic enamel. 

Six years of outdoor exposure 

bilit) of applied paint coating In addibon to the practice of phcr-phate coating 
fabricated articles made of zmc-coafed «tee! the hot-dipped and electroplated zinc 
sheets and strip are 'o coated at \anoub steel milU for improied paint adherence 
In Fig 1 Is «hown the difference in paint adhe..ion when pamt is applied oter an 
untreated zinc-ba'e die casting and a phosphate-coated casting Definite chipping of 
the pamt is apparent on the untreated casting while the finish is still intact oi er the 
phoiphate-coated ca^iting 

* R C Llmer Detcrm aal on of Magnetic Iron Oxide Ind Eng Chem (Anal Ed.) 10 24 (I93S) 
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CHEMICAL OXIDE COATINGS 
V M. Darsei* 

Attractiic black oxide coatings are obtained on steel 1)3' tieatment m strong alkali 
solutions containing an oxidizing agent at tempeiatures of about 140° to 150° C 
(285° to 300° F), depending upon the exact compoaitiou of solution cmplo 3 'ed Foi 
pioducmg the coating on steel, caustic 'oda is usinlly emplo 3 ed in conjunction with 
such oxidizing agents as sodium nitrite, nitiate, or chloiate Othei methods, such 
as quenching in oil, aic emploaed for producing oxide coatings on feiious ai tides 
Activit 3 ' of the blackening bath is conti oiled b 3 ' means of tempciatuie Steels 
containing allo 3 'ing constituents, such as nickel and chromium, requiie higher oper- 
ating tempeiatuies for blackening than do carbon steels 
Little dimensional change in irticles rc'ults fioni the oxide coating, and foi this 
reason it can be used on piecision paits lequiring close tolerances. 


CORROSION RESISTANCE OF OXIDE COATINGS 

Oxide coatings on steel are not consideiod a satiafactoi 3 ' finish foi corrosion 
piecention without the u=e of some subsequent tieatment with oil oi wax Salt-sprax' 
specifications foi the coatings icquiie the unoiled coating to withstand a one-half 
houi and the oiled coating a two-houi test without coriosion Foi man}' applications, 
oxide coatings aie peihaps moie u»eful foi then decoiatne lalue than for their 
corrosion lesistance 

A satisfactoi}' black finish is pioduced on copper and brass b}' direct oxidation at 
low temperatures The coating after oiling exhibits good coiiosion i existence b}' salt- 
sprav te-t and can be used for inci easing the adhesion of applied paint films Outdoor 
exposure lost* conducted b}' the author haxe shown that oxide-coated steel articles 
do not corrode uniformlv but exhibit pit-tape coiio*ion as fiequentl}' encountered 
with hot-rolled steel containing mill scale 


* Parker Rust Proof Co , Detroit, 
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VITREOUS ENAMELS 
A 1 A>dbews* 

The terms vtlreous enamel gla^ hnxng or porcelain enamel refer to a thin Jajer 
of glass filled into the surface of a metal generallj iron 0b% louslj these coatings 
have the properties of glas and vanationa in their properties are due to differences 
m the compositions and the physical conditions of the glasses u ed Thesi glasses 
must have thermal esparuions compabble with the metal base they must fu^e at 
temperatures below the melting point of the metal and in addition mu t meet the 
conditions of service for which thej are designed Like other coating- a 'ingle tjpe 
of enamel glass should not be expected to meet the extremes of all kinds of conditions 
For example one 'hould not expect to have a highly reflecting white enamel and 
aLo maximum durability toward strong acid solutions The compositions and the 
physical structures of enamel glasses vary over a wide range and «hould be selected 
for the combmation of properties which their service demands 

MAADFACTURE 

Vitreous enamels are made by smelling (ineUing) together such materials as 
feldspar borax quartz *oda a^h fluorides color oxides and opacifiers to form a 
molten glass This is then poured into a stream of water which shatters it to broken 
gUsw which IS called fnt The frit u ball miUed either wet or dry and applied to the 
properly prepared metal «hape by dipping 'praying or du tmg The ware lo then 
placed in a furnace at about SoO* C (lo50° F) for 'ufficient tune to melt the coating 
into a continuous layer of glass Several coatmgs may be applied 

PROPERTIES 

Although the properties of the enamel depend principally upon tho«e of the gla^s 
the serviceability of the product is aLo affected by the metal base and the design of 
the ware 

Pbysicu, Properties 

Glasses in thin layers or threads have great strength and when applied to steel 
are believed to have tensile strengths in excess of 50 000 psi In general the'e coating' 
will withstand dutortion oc fiexmg ot the steel within the elastic limit of the metal 
If a permanent deformation takes place the coating t ruptured showmg either 
cracks (crazes) or breaking off of the coating All enamels which fail mechanically 
do 'O by tension Figure 1 'hows the effect of v itreoua enamel of v anous weights per 
umt area on the bending strength of coated steel sheet 

The hardness of enamels is about 6 on Mohs scale but the actual resistance to 
scratching or abrasion depends greatly upon the bubble structure of the enamel All 
enamel coatmgs contain bubbles but they should always be 'mall as compared to the 
enamel thickness and they 'bould be uniformly di tributed 'V itreous enamels m 
general hav e high resistance to scratching and abrasion 

Increa'ed thickness of enamel coatmgs improve impact re-istance and generally 
improve corrosion prote tion However thick layers lower real tance to damage by 
flexure and aLo lower resistance to thermal shock Some phy'ical properties are listed 
m Table 1 

• Department of Ceram c Engmeenng Usivera ty of Rluio s Drbaoa lU. 
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Table 1. A^TSRAGE PHYSICAL PROPERTIES OF ENAMELS 


Hardness 

JModulua of elasticity* 

Tensile strengthf 
Specific gravity 
Thermal expansion, °C 
Fusibility 


5 to C Alohs’ scale 
/4950 to 74S0 kg per sq mm 
\7.Q3to 10. G X 10' pai 
42,000 to 64,000 psi 

2.54 to 2.66; lead-bearing: 3.32 to 3.79 
82 to 130 X 10-^ 

500° C (930° F) and up (gradual softening) 


* L. D. Fctterolf and C. W. Parmelce, J. Am. Ceram. Soc., 12, 193 (1929). 

tA. 1. Andrews and W.W. Coffeen, J. Am. Ceram. Soc., 22 , 11 (1939):C.1V. Parmclee and R. G. Ehman, 
J. Am. Ceram. Soc., 13, 475 (1930). 



Fig. 1. Effect of Enamel on Strength of 2- by 4-m., 20-Gage Sheet Steel. 
Thermal Properties 

Vitreous enamels are made for use over a wide range of temperatures from extreme 
cold to above red heat. Special types are used on exhaust stacks for airplanes, and 
others called ceramic coatings protect iron from corrosion at temperatures of 760° C 
(1400° F) to 815° C (1500° F). They are also made with high and low infrared 
emission at these higher temperatures. 

Table 2 lists thermal conductivities for enameled sheet under various conditions 
of heat transfer. 


COMPOSITION 

As can be noted in Table 3, the compositions of vitreous enamels vary over a wide 
range. The enamels are all essentially alkali borosilicates. Fluorides and alumina are 
generally present to improve the processing properties of the enamel but they are a 
detriment to the acid solubility resistance. Such materials as antimony and zirconium 
compounds and the fluorides contribute the “opacity” white appearance. Cobalt, 
nickel, and manganese color the gloss, and in the case of ground coats, they promote 
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Table 2 0\1:RALL COEFFICIENTS OF HEAT TRANSFER IN EN \MELED 
STEELTI ARE* t 


Conditions ' 

Sg eal/(hr') (sq meter) (®C) 

Btu/Oir) (sq ft) (°F) 

Steam to be nater heated ! 

400-"00 


Hot water to water being heated I 

3S0 

70 

Steam to boding water | 

700 

UO 

Steam to 3 thick fruit product 

160 


(3oobng hot water bj cold water and bime 

200-600 

40-120 

Hot 0 1 to od being beated 

6S-140 

13 24 

Hot 0 1 to bo I ng water 

I 0 O- 2 OO 


Steam to water be ng heated in tubular heater 
Steam be ng condensed to water in a tubular 

6OO-S00 

100-100 

condenser jacket 

700 

140 


•F P Poste Ircd Eno Om 16 469 (ld24) 
t Both Eides eaameled Steel normalb UL thick. 


adherence to the metal Zircon improve^ water and alhali resistance Titanium oxide 
and silica improve acid solubiUt> Te..istaocc In general however the compounding 
of a suitable enamel composition depend, upon considerable experimentation and a 
balancing of the amounts of the constituents pre ent The mill additions such aa 
claj and electroljto. are u ed m wet milled enamel to control the properties of the 
«ljp and therebj facilitate the processing Other null additions are u..ed for color and 
opacity 


DURABILITY 

The resL,tanee of enamels to coiTOi.ne environment's is commonij termed durabilitj 
The durabihtj l. generallj cla-«ed according to atid resi tance alkali re i tance hot 
water resistance weather re i tance and «oil re l tance It is commonly determined 
bj subjecting the urface of the ware to the olutiom. characteristic of erv ce expo«ure 
and then noting either loss of gloss or Joss of weight The Porcelain Enamel Institute 
Te utilizes the effect of the «olutioa on the «urface gloss and apparent etching The 
Enameled Ltensil Manufacturers Council Test'^ and many tests on chemical enamel 
ware ba..e re..u]ts upon lo..s of vreight The choice of test depends upon the require 
ments of appearance or corro..ion protection 

Acid T^ESISTA^CE 

The acid «olubihtj riLLtance of enamels varies from enamels that are durable to 
the attack of strong acids for long periods of time at elevated temperatures to tha e 
that are attacked almost immedialelj upon exposure to weak at ids m the cold The 
attack vanes fiom that on enamels in which 'solution w arrested after the fir t lo s 
of glo-s to that on enamels which are contmuou I3 du olved awaj The former tj^ie 
of acid re.,1 tant enamel is obviouslj preferable The order of decreasing re-istance 
of different tvpcs of enamels to acids is as follows Chemical Acid Proof Enamel 
Acid Resisting ^ hite Cover Enamel Cobalt Ground Coat Enamtl Antimonv 
Mhite Cover Enamel Sign Blue Cover Enamel Fluoride Cover Enamel Zircon 
Bhite Cover Enamel There is «ome overlapping m the orders given since each tjpe 
represents a range of compositions and qualities 

^ Teil Jot And Rentiance of Foreeiain Enatn^ Porrtlajn Fnamel Insl tute IMO X ertnont Av e N W 

Washington 5 D C Published October 1939 

* Porcelain Enameled Steel btens le ComtneretiU Staiuiard Cl> IOO-44 National Bureau of Standards 
Washington D C Published 1944 



VITREOUS ENAMELS 


875 


TABI.E 3. COMPOSITIONS OF POUCEL.VIN ENAMELS 



No. 1 

No. 2 

No 3 

No 4 

No 5 

No. G 

No 7 

No S 

No 9 

Ground 

Coat 

1 

Blue 

Zir- 

conium 

Cover 

Enamel 

Chemical 

Acid- 

proof 

Cover 

Enamel 

Fluonclc 
W hue 
Cover 
Enamel 

Anti- 

mony 

W lute 
Cover 
Enamel 

Zir- 

conium 

hite 
Cov er 
Enamel 

Acid- 

Rcsisl- 

ant 

hue 

Cover 

Enamel 

Tita- 

nium 

B hite 
Cov or 
Enamel 

Frit Frit 
A B 

Vnt Hatch 










I'cldspar (Keystone) 

20 8 21 2 

38 0 

28 3 


27 0 

17 G 


9 5 

4 0 

Borax 

34 G 34 2 

30 0 

33 G 

2 G 

28 0 

22 9 


IS 0 

28 0 

Quartz 

27 7 21 5 

10 0 

0 1 

19 2 

10 0 

23 5 


39 0 

41 4 

Soda ash 

4 G 5 G 

4 0 

7 0 


7 0 

b 7 


10 0 


Soda niter 

4 7 4 7 

3 0 

4 0 

1 1 

4 0 

2 9 

3 08 

3 0 

2 9 

Fluorspar 

5 1 10 3 

3 0 

7 0 

3 0 

5 0 

2 5 

4 40 

1 5 

... 

IManganesc dioxide 

1 5 1.5 


1 5 







Cobalt oxide 

0 5 0 5 

2 0 

1 0 

1 5 






Nickel oxide 

0.5 0 5 








. 

Crj olito 


4 0 



10 0 

8 4 

12 30 

. . 

G 5 

Zircon 



12 0 




10 SO 



Zinc oxide 






2 0 

4 40 


0 8 

Sodium anliinonatc 

• . • . . • 




. 

12 C 


9 5 

0 2 

Aluminum hjdrate 








3 90 


1 0 

Dehydrated borax 


. . 


. . 



22 GO 


. 

Caloito 




* • 



7 74 



Pjrophjllite 




. . 


. 

31 70 



Sodium silico fluor- 










ide 



. . . 

. . . 

. . . 



5 0 

. . 

Bone ash 





. 



1 5 


Titanium dioxide 




15 3 

. 



3 0 

9.5 

Sodium alununatc 




5 3 

. . 





Whiting 




2 2 





1.5 

Sodium silicate 



... 

51 2 




•• 


ihll Batch 

/ » 









Fnt 

70 30 

100 

100 

100 

100 

100 

100 

100 

100 

Clay (Vallcndar) 

7.5 




0 0 

G 0 

6 0 

5 0 

5 0 

Florida kaolin 


G 0 

G 0 

1.0 




« • • 

. . 

Borax 

0.75 



• . • 


, , 



. , 

iMagncsiuin carbon- 










ate 


0 25 

0.25 

. 

0 25 

0.25 

0 25 


. , 

Bentonite 




0 25 

. . « 



0 25 

0 25 

Sodium aluminato 




0 25 

, . 



0 25 

0 25 

Banurn chloride 




0 10 






Tin oxide 





G 0 



5 0 


Troop IX 






2 0 

2 0 



Water 

45 

40 

40 

46 

40 

40 

40 

38 

38 

Firing Conditions 










Temperatures, ®r. 

1575 

1500 

1520 

1520 

1400 

1500 

14G0 

1530 

1530 

Tune (minutes) 

o 

3 

5 

3 



2M 

3 

3 
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Acids maj in some cases be ^electne in their action and it is not pos ible to predict 
their activ itj on the basis of degree of ionization The order of attack is not a\rvaj*s 
the same for different enamel but the following order represents common expenence 
with 10% 'olutions of «e\eral acids in order of decreasii g attack sulfuric hydro 
chloric nitric oxabe tartaric citnc malic lactic phosphoric carbolic acetic 
pyrogallic Contaminations such as fluondea in commercial pho«phoric acid maj 
produce erratic results 

The rate of attack by acid solutions increases with temperature It al o increases 
with concentration up to a maximum which \ariea with different acids and enamels 
and then drops off rapidly For suUuiic hydrocWonc nitnc and phosphoric acids 
the maximum rate generally appears close to or slightlj abo\e 10 to 20% 
concentration 

Alkali Resistance 

Most enamels are quite re«k.tant to alkaline solutions and therefore comparatnelj 
few data haxe been reported for these media EnameU not resistant to acids frt 
quently hare superior resistance to alkalies Horeier acid resisting enamek maj 
nko hare good alkali ra-utance The addition of zirconium compounds to the enamel 
composition generally re ults m an mcrea.ed resistance to alkaline <olutioas The 
following Is an approximate arrangement of the different types of enamels in order 
of decrease g resistance to a boiling 10% «odium hydroxide solution Zirconium Blue 
Co^er Enamel Chemical Acid Proof Enamels Zirconium ^ Lite Coier Enamel Acid 
Resistant ^\hite Coier Enamel Cobalt Ground Coat Enamel Antimony Cover 
Enamel Sign Blue Cover Enamel Fluoride Cover Enamel 

Water Weather oid Soil Resistance 
Vitreous enamels are practically unaffected by water or clean air at atmospheric 
temperatures but natural waters and atmoi.pberess often contain acid or alkaline 
constituents which may affect some enamek when exposed for long periods of time 
Water Resistance The attack by waters even when they carry large amounts of 
salts at atmospheric temperatures is almost imperceptible and the use of tests for 
enameled coatings such as the salt-spray te t is useless Likewise the weatherometer 
does not perceptibly accelerate failure of enamel 'surfaces 
It IS howev er important to con ider the type of enamel which is to be used for 
lining an autoclave or for surfaces over which hot water flows continuously or semi 
continuoush as some enamels dk-intcgrate rapidly when subjected to such conditions 
LikewLe only special ty pes of enamels can be satisfactorily used for hot water tank« 
range boilers and similar equipment Under conditions whereby water i* heated the 
composition of the water lo an important factor since acid waters are more corrosive 
than alkaline waters Little data have been pubbshed on the subject but it has been 
®hown that the slight attack by boiling 10% salt solutions is related to the kind of 
salt present Acid waters in general and waters containing hydrolyzable salts that 
produce acid conditions cau e some attack of non acid re i«tmg enamels 

Weather Resistance Since vitreoua enamels do not chemically react under warm 
moist conditions any attack by the atmoL-phere muc>t be cau ed largely by solution 
brought about by acid ga-es orsifcpended hydrolyzable =alts It is known that in indua 
trial districts the atmo phere contains sulfurous and «ulfunc acick as well as carbonic 
acid For this reason it is desirable for \itreou3 enamek u. ed on signs in architectural 
structures and other out of-door apphcationa to have some degree of acid resistance 
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Vitreous enamels do not fade or change color, but the effect of surface etching by 
the atmosphere sometimes gives an appearance of a white chalky film which is 
frequently but improperlj’ interpreted as fading. 

Soil Resistance. The resistance of vitreous enamel to soil corrosion is associated 
with the acidity and alkalinity of the soil and the soil waters. Deterioration is 
e.xceedingly slow if the proper enamels are used. Wherever the metal happens to be 
exposed to the soil (pores, edges, etc.), it corrodes and may undermine the enamel 
at these areas. In addition, where corrosion of the iron base of an enameled piece 
is taking place, atomic hydrogen produced by corrosion may diffuse through the 
metal. If this hydrogen comes in contact with the underside of an enamel coating, it 
accumulates, forms molecular hj'drogen gas, and builds up sufficient gas pressure 
actually to force flakes of enamel, called fishscalc, away from the iron base. These 
spots then act as new points where corrosion can take place. 

Data on enameled iron specimens in various soils have been reported.^ 

• General 

Design. In addition to the chemical and physical properties of the enamels, design 
of the ware has a very important influence on the successful protection of the metal 
base. Although the expansion coefficients of the enamels are adjusted to their 
particular uses, some mechanical designs are much more likely to result in failure 
than are others. 

Vitreous enamels should not be applied to small radii when corrosion resistance is 
critical. It is very difficult to obtain good coverage on sharp edges, and the tendency 
to chip or to damage by mechanical shock is greater at such points. Radii of at least 
% in. and preferably Va in. or larger should be used. Excessive thickness of application 
of the enamel and especially uneven applications should be avoided. 

The ware should be designed to avoid the development of stresses during firing or 
heating and cooling in service. Heavy and light metal sections should be kept at a 
minimum, and thickness of stock should be adjusted to compensate for shading in 
the furnace. Distortion or warping generally results in a rupture of the coating. The 
design must further provide for sufficient strength, particularly in tanks, to avoid 
stressing the steel beyond the yield point due to pressure or weight. Corrosion 
problems cannot be separated from these considerations of design as it is only with 
proper design that the coating can be expected to protect the metal completely. 

Tests for Defects and Repairs. Tests for cracks, pinholes, or other defects in an 
enamel coating can be made, in addition to careful visual inspection, by electric 
resistance measurements, high-frequency discharge, or application of a cupric chloride 
solution.-* The most popular method uses an electrical indicating instrument, one 
terminal of which is applied to the base metal and the other through a source -of 
potential to a wet metal brush which is drawn over the surface of the enamel. Any 
pinhole or crack is indicated by flow of current. 

The high-frequency tester is sometimes used where acidproof enamel is employed 
and whore the most severe conditions of corrosion are to be encountered. This test 
is .cuitable only under special conditions as the high-potential current may actual^" 
rupture the enamel surface. 

Repairs arc difficult to make and special types must be used for different purposes. 
Gold leaf, silver, or other metal fillings maj' serve effectively to prevent progress of 

^ K. H. T. 0 (!nn and M. Romanofl, J. Itcscarch Nall. Bur. Slandardt, 33, 145-198 (1044). 

‘ "Porcclnin-Enamelcd Tanks lor Domestic Use," Commercial Slanrlnnl CS Jlo-44, National Bureau of 
Standards (1944). 
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corro ion Cements and lacquers, are sometimes u-ed "atufactorilj but are generallj 
onij a temporarj protection 

Use of Enamels m Cathodic Protection Enamels are electrical in~uIators hence 
there are man} applications «here thi propertj is an important con ideration 
Cathodic protection of the ba e metal (di <nio.-ed beginning p 923) m conjunction 
with u^e of an enamel coating u a possibility that has not jet been, put into e\t€nsne 
u e but «how promise becau-e the protectne cathodic current is focu ed at the 
'mail exposed area where corrOsion would otherwLe occur The current required is 
relatnelj mall because of the pre ence of an lOsUlalmg lajer o\er the iron 
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UL 
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Cook Rujh L. and Andrew I Andrews The Chenueal Dursbilit> of Poreela n Enamels J 4m 
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Organic Coatings 

INTRODUCTION 
G H IcirNc* lA© CtfiLt-isaptJOBs 
INTRODUCTION 

^Ve are here particularly intere ted m the matter of coiro-ion pretention bj 
organic resin coatings and the comiderationa which control the permanenej and 
general inertne s of the protective film m corro ive environinenL. 

We hould fir t emph-uize that generally 'tpcaking the re inoua film is not of and 
m iLelf corro'noiv ii fiifai£:i.c B> this we mean that the ba^ic conodibvhty of the 
'ulxtrate metal is m no way altered by the overlying rc^in A po=fcible exception i- 
the ca'e of phenohe film where *he etpenmental evidence indicates that eome 
passivation bv free phenolic bodies can and doe take place On the whole we mu^t 
view the paint film as a «imple mechamcal bamer interpa.ed between the corrodible 
metal ub trate and the corrosive environment Accordingly the determining proper 
bes of the barrier are tho e related to eonfinuiti/ which is a measure of the abihty of 
the leanous molecules to form a pore-free film at low coating weights, to per 

• Mellon Institute Pittsburgh Pa. 



ORGANIC COATINGS — INTRODUCTION 


879 


meabihty, ■which is a meapure of the diffusion rates of ■nater vapor and other gases 
through the “continuous” film ; to adhesion and cohesion, which are measures of the 
tenacity with which tlio resin molecules bond to the substrate and to each other; 
and to chemical inertness against degradation by hydrolytic, oMdative, actinic, and 
thermal decomposition. 


FILM CONTINUITY 

AVhere the resin film is a mechanical bariier only, it is obvious that areas containing 
micro pores and othei discontinuities will be non-protective Thus knowledge of the 
factors detei mining contmuitj' is of primary importance 
The relationship of film thickness, oi weight per unit of aiea covered, to ultimate 
film stiuctuie and consequent film piopeities is of fundamental interest AA'^ith the 
development of quantitative methods foi evaluating continuity, it became possible to 
study intensively the phenomena associated with coieiage on active metals ^ Of 
major impoitancc is the established experimental fact that film resistuity is a dis- 
continuous function of coating w'eight and that for every metal surface there exists 
some finite coating weight which must bo exceeded befoie the familiai chaiacteiistics 
of amoiphous films are encounteied and befoie continuous film membianes aie 
formed This minimum w’eight of basic understi ucture is not constant for all metals 
but vaiiPS widoli' with the surface being coated 
The coating weights of a typical vinyl chloride-acetate copolymei required just to 
produce complete film continuity on a numbci of familiai metals aie shown in the 
following table ; 


Metal Surface 

Minimum Coating Wl 

Approximate 
Thickness, mil 

nig/sq cm 

mg/sq in 

Platinum 

0 1.5-0 23 

1-1 5 

0 05-0 07 

Copper 

0 93-1 2 

0-8 

0 30-0 40 

Tm (plate) 

0 47-0 55 

3-3 5 

0 15-0 18 

Iron 

1 48-1 55 

9 5-10 

0 48-0 50 

Zinc (gnUanizcd iron) 

2 5-2 8 

lG-18 

0 80-0 90 

AJiiminuin 

0 85-1 0 

5 5-C 6 

0 28-0 33 


That the cxpeiimcntal diffeienccs betw'een metals cannot be attiibuted to differ- 
ences in surface iiieguhirities has been demonstiatcd The consistency with which 
such data can be repioduced and the .■specificity of beha\ior on different metals suggest 
that the batic film .<-tructure may not be entirely amorphous or “brush heap” in 
make-up, as had foi racily been generally supposed. 


PERMEABILITY CONSIDER.VTIONS= 


The continuity characteristics of thin rc^in films are related (1) to the activity of 
the .surface on which the film is initially deposited, (2) to the composition of the 


‘G H Youni; nml coworkera, Uiil Ung C7icm , 29. 1277 (1937). 30, 085 (193S), 31 719 (1939) 33 72 
(toil). 33. 550 (1041) ' ' 

M Ilotv.Wm II Aiken, anti H Mark, Jntl Eng Chem (Anal Ed ), 16, OSG (1944) 

H F Piivnc, J»jrJ Ung Chem Ftl ), 11, 4 >3 (19*59) 

1030^ Burns and A E Scliub, Preleclire Coalint;* /or .Ueteli, Remhold Publislnng Corp , New York, 

‘ J J MaUiello (Editor), Prolecittc and Dccmalm CoaUnga, Vol IV, .Special Studies, John Wiley and 
^ons. New York, 1044. 
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refill and the specific nature of the polar linkages along the chain, and (3) to the 
a\erage molecular weight and chain length of the poljmenc molecules It is to be 
borne in mind that film continuities are not directlj related to permeabihly charac 
teristics ^^e regard permeabiiit> aa a slow or inhibited ion tramfer through a con 
linuous film The mechanism maj be one of aiLorption followed bj gradual aiorp- 
tion and diffu ion with accompanjnng internal «welliDg and perhaps e\en incipient 
degradation owing to hjdroljaia and swelhng stressc* It has been demorntrated 
bowe\er that onI> thae films which are continuous in the seme of being free 
from gross discontinuities jield comistent data from the familiar permeability 
measurements — aa expected but conclu&ixe finding 

For permeabilitj measurements me is made of free or stripped films mounted on 
a suitable porous ba e material such as altmdum fine-me^hed «creen paper, or 
cellophane The supported films are then mounted as membranes between atmos 
pheres maintained at different relatne humidities sufficientlj far apart to e^tablkh 
a steep diffusion gradient The weight loss or gam of one compartment thus serves 
to measure the quantitj of water vapor tramferred through a mea ured area of film 
of a given thickness Such «tudies demonstrate that the amount of mouture per 
meating a continuous film is inversely proportional to the thickness provided all 
other variables are under «tnct control It must however be pointed out that 
recorded permeability values "tnclly apply only under the experimental conditions 
specified Departures from the ideal tate are occasionally marked Accordingly it 
IS not pOw ible to calculate diffusion rates from one set of conditions to another on the 
assumption that the phv ical laws are obeyed quantitatively In practice it is better 
to report the permeability m terms of the experiment lUelf rather than to extra 
polate to a state of unit parameters Thus one preferably records milligrnnv of water 
vapor tran ferred through 10 «q m of a film 5 mils thick m 24 hour when the vapor 
pr&. ure gradient across the film is 20 mm of mercury An empirical pc meability 
constant l. however, frequently employed for convenience m making clo^e com 
pari«ons Thus 

At (pi — p*) 

where D = permeability constant 

N — wt of water vapor transferred (in grams), 

X = film. tJimkiifiss. Cm. inches) 

A — te t area (m square inches) 
t = time (m hours) 

(pi “ p ) V apor pressure difference (in millimeters of mercury ) 

The rclatiomhip between film permeability as ''uch and protective ability is not 
straightforward )) ith completely inert resmous bodies it is generalh true that the 
lower the permeability the better the corroK-ion protection afforded There are how 
ever numerous complicating factors Topical of «uch is the stability of the coating 
material to thermal effects or to actimc radiation oxidation or hydrolysis Its 
fiexibihtv and adherence characteristics and its. general toughnc's and weathering 
re ktance are probably of equal or greater importance than its. specific permeability 
On the whole therefore permeability mea urementa can only supplement orthodox 
performance data not “ubstitule lor them Some tyiucal permeability values are 
listed in Table 1 

The addition of pigments can materially alter the permeability characteristics of 
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a given resinous vehicie. TJae most profound effect is produced by “ieafing” pigments, 
of which aiuminum powder, electrolytic copper, and lead leaf are oxemplari'. Reduc- 
tions in permeability of the order of 50% can be obtained bj' proper pigmentation 
with leafing aluminum. The other leafing metals, flake mica, etc., are less efficient. 


Table 1. PERMEABILITY OF ORGANIC COATINGS TO MOISTURE* 


Coating ^ 

Me H 2 O Passing per 24 hr per sq in. 
of Area per mil of Film Tliickness 

Cellophane (not moisture-proofed) 

300 

Cellulose acetate 

300 

Polyvinyl acetate 

115 

Pobwin^'l chloride-acetatc 

28 

Bodied linseed oil 

SO 

Long oil varnishes 

36^8 

Short oil varnishes 

17-24 

NitroceUulosc 7 alkyd lacquers 

15-87 

Orange shellac 

IG 

Asphaltic coating 

5 


• R. AX. Burns and A. E. Schtih, Protective Coalings for Metals^ p. 322, ReinJioId Publishing Corp., New 
York, 1939. 


The relationship between permeability and pigment binder ratio for a series of 
aluminum-pigmented ester gum varnishes is shown in Table 2. 


Table 2. EFFECT OF PIGMENT TO BINDER RATIO ON PERMEABILITY 

TO MOISTURE 

(25-gal Tung-Linseod Phenolic Resin Varnish as Test Vehicle) 


Piomcnl/ Binder Ratio 
0 

0.14 

0.28 

0.42 

0.5G 

0.S4 


Calc'd PernitahiMly Constant D' 

6.30 X 10-s 
4.07 

3.50 

2,77 

2.12 

1.30 


* G. H. Youna and G. W. Soneren. paper presented before the Atnerican Society of RefrigeratinK Engi- 
necra, 1944. 


Puiely theoretical considerations would dictate that any pigmentation should 
profoundly influence permeability. This is because the nature and distribution of 
side chain substituents, determining as they do the completeness and tenacity with 
which the individual pigment particle is “wet” by, the resin molecules, arc the real 
controls on fundamental film properties wilhin Ihc pigmented film proper. That is, 
the properties of the vehicle have far more influence on ultimate protective ability 
than does the chemical make-up of the added pigment. The data in Table 3, showing 
permeability as a function of added pigment, clearly indicate that profoundly different 
piginents show much the same permeability characteristics in the same vehicle. 

V ith the exception of a few pigments, notably red lead and zinc oxide, potentially 
capable of chemical reaction with the vehicle, all the permeabilities are of much 
the same order of magnitude, even though they are as chemically dissimilar as 
graphitic carbon and silica, for example. 
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Table 3 PERMEABILITl OF ‘VARIOUS PIGMENTS TO MOISTURE* 
Pigment Added At 25% Bj % olume 


Pigment 

^^g HiO Passine per 24 hr per eq in. 
of Area per mil of Film Thickness 

(Clear varmah \ ehicle) I 

72 3 

S lica 1 

40 3 

Ocher 1 

Z% 3 

Red iron oxide 

So 0 

Black iron onde 

So r 

Chrome oxide 


Wi te lead 


Chrome oraoge (lead chromate) 

56 0 

Lead titanate 

47 0 

Graph te 

1 40 3 

Lampblack 

41 7 

ZiDc cbroniate 

47 7 

Zme oxide 

34 4 

Red lead 

2S 8 


• R M Butub and A E. Sctuh Proleaite Coatxngt Jor MttaU p 333 Re ahold Pubheh os Corp New 
Yoek 1939 


ADHESION AND COHESION IN RESIN FILMS 

It has been coQcluaitelj demonstrated that measured adhe ion aahies are a function 
of (I) the degree of cleanliness of the metal surface and thus of its abilitj to be 
wetted by the re«m (2) the chemical nature of the polar groups along the macro 
chains (COOH OH CONHj etc ) (3) the aterape chain length up to a pohmerwa 
tion degree of about 4000 to 5000 and (4) the content of non resmous polar com 
pounds (an inver e function in this ca.e) 

TERMS AND DEFINITIONS 

Paint continues to be the oldest and moH •tndel> \Lcd protectne mea we against 
corro..jon Following chapters in this section detail the ba ic piopertie» and applica 
tioiis of the manj different kinds of organic protectue coalings a\ ailable commercialh 
A brief description of dhe fundamental t3pea of coating compo itions raa\ however 
be helpful at this point 

Paints 

This term was onginallv stnclh applied to mixtures of pigments — usuallj 
inorganic oxides — with a drjing oil such as linseed oil Oil ba e paints frequentlj 
mixed on the job b> a master painter are the oldest type of protectnc coating in 
general u e However, as de cnbed later the word no longer has so restricted a 
meaning Anj combination of pigment and vehicle that is adapted to brmh applica 
tion and air dries to a tough, adherent coating u, verj likelj to be termed a paint 

Varnishes 

A vami h a combination of drjing oil and a fortifjmg resin either natural or 
sjuthetie The combination maj or ma> not involve actual chemical reaction between 
the resin and oil The mixture is thinned with suitable soh ents to brushing or eprajing 
visco itj and emplojed as a clear compo ition, it air dries by oxidation of the oil 
component. 



ORGA^UC COATINGS — INTRODUCTION 


883 


Enamels 

An enamel is a pigmented varnish, in its strictest sense. Actually, the wide use of 
fortifying resins in oil-base paints ha.s resulted in the disappearance of any distinc- 
tion other than an arbitrarj' one between paints and enamels. There is currently a 
tendency to term alkyd resin-base finishes quick-dry enamels to differentiate them 
from the older olcoresinous paints. 

Lacquers 

C!a.s.?ically, a lacquer consisted of one or more selected natural resins dissolved in 
a rapidly volatile solvent. Such compositions were employed both as clears and 
pigmented. They sot to very hard, glossj', non-tacky films bj' solvent evaporation only. 
Currently, the term has been broadened to designate any air drying or even baking- 
type clear composition usually, but not necessarily, based on nitrocellulose or similar 
cellulose resins. 

Baking Finishes 

This term is used broadly to describe any composition, either clear or pigmented, 
that requires forced drying or baking (in England, slaving) to release the solvent 
and set or convert the film to its ultimate hard, non-tacky, completely polymerized 
form. 

The essential chemistry and mode of operation of these several classes of protective 
coalings will be more fully described in subsequent chapters. 

APPLICABILITY AND SERVICE LIFE 

The conditions under which paints and other coatings are applied and e.vposed, 
the almost infinite permutations to be had by combining pigment, resin, oil, and 
solvent, and the diversity of repaint schedules encountered in practice make it impos- 
sible to particularize on applicability and expected service life. A paint known to be in 
substantially perfect condition after 6 years at one location may fail in G months 
elsewhere. The weathering factors of light intensity and atmospheric contaminants 
have a profound influence, particularly on oleore.sinous compositions. Most organic 
vehicles are embrittled and even decomposed at relatively low temperatures, 150° to 
250° C (300° to 500° F), if maintained there for any length of time. Many finishes 
are excellent for normal underwater service, but are rapidly hydrolyzed and degraded 
by mildly alkaline or acid waters, particularly at or near the boiling point of 
the water. 

In general, then, each condition of sendee must bo considered as a separate 
problem; tliere is no “universal protective coating.” Broadly speaking, baking finishes 
are more permanent than the older oxidizing-type coatings ; there are, however, many 
application.^: whore the baking operation is impractical or even impossible. Most 
maintenance finishes arc designed for regular renewal or “touch-up.” This need not 
be the ca.so for an automobile body or decorated metal cabinet, can, or closure. 
Accordingly, one finds the maufacturer of small metal articles increasingly turning 
to the newer baking-type .synthetics. The maintenance engineer advisedly continues 
to rely on regular repainting (even annually) with orthodox paints. 

It i.< impossible to ba.':e accurate estimates of even the comparative service life of 

dissimilar rc.sin finishc.s on accelerated tests alone. The majority of these such as 

the standard salt-spray, humidity-cabinet, and standardized immersion e.xposures — 
were really designed to study the corroding characteristics of the substirate metal. 
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Most of them have little effect on the coating maternl as such Howe\ er, a corrosion 
process proceeding beneath a coating (perhaps initiated at a scratch, sharp edge or 
other imperfection) can have a disruptive influence on adjacent intact coating It 
thus comes about that a given coating on zinc, for instance, will apparently fail 
under conditions where the identical coating is complete!} unaffected if coated on 
stainless steel sil\ er, or platinum For these reasons, it is imperative not to a'^ume 
that a 200 hour salt spra} test means a giv en coating is twice as effectiv e as one run- 
ning onl} 100 hours to the first showing of nist Many coatings la t indefinitely if 
coated on glass and exposed to 100% relative humidity in the familiar humidity 
cabinet The same coatings applied to automobile body «teel ma} show ruatmg 
blistering and even gross peehng in a matter of weeks under this test, and applied as 
an actual automobile finish, they frequently stand up satisfactorily for 3 to 4 years, 
the only gro^ failure being some losS of gloss 

Confronted with the«e anomalies as the rule rather than the exception the 
experienced paint technologi t cannot a^'ign absolute values to prognosticated service 
life estimates Generally speaking salt-spray life in excess of 200 hours is considered 
a fair indication of reasonable protective permanence Many finishes — notably the 
baking type — show no attack up to 2000 hours or more Exposure to live steam may, 
however cau e the coating to peel off in a matter of hours The average cellulose- 
ba«e lacquer has a demonstrably shorter life m ealt-spray and most immersion tests, 
but this does not necessarily mean that such lacquers are actually inferior materials 
For the predominant number of applications where corrosion protection is the major 
goal, do e attention to surface preparation prior to coating application and to the 
matter of insuring a uniform sufficiently heavy and holiday-free coating — together 
with proper air dry time or bake — is more important than the actual choice of 
specific coating composition 

Each broad coating type has its place of proved applicability The actual nature of 
the more important of these types is detailed in the following chapters 


PAINTS AND VARNISHES 
Richard J Eckart* 

ft 

DEFINITION 

Paints and varnishes are protective coating which can be classified as air drying 
This means that, upon application the film dries essentially by oxidation and 
polymerization Such coatings constitute the bulk of protective and maintenance 
finishes u ed, as contrasted with other types that dry only by solvent evaporation, 
forced drying or a simple hardening process Examples of the la«t are lacquers, 
baking enamels bituminous coatings, rubber finishes, etc 
This di_cu 2 i>ion therefore deals with oils, re«ms and pigments which in com- 
bination yield the protective air drying paints Only the more important raw 
material can be mentioned The oils oleoresmous varnishes, and synthetic resins 
have infinite variety, they constitute the vehicle or binder for a variety of pigments 
Paint and vami^h films may dKpIay extraordinary water rosLtance yet permit 
water vapor and gases to penetrate and reach the face of the metal in sufficient 
quantity to be damaging It is these dissolved gases that accelerate the attack That 
• Sapolin Oo lac New York N Y 
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is why nclclccl pigments play an important role, not only in improving the mechanical 
properties of the film but also in serving to neutralize the effects of such accelerants. 

The manner in which active pigments serve to inhibit corrosion has been stated^ 
to bo the imparting of alhalinily and/or oxidizing effects. Since iron corrodes more 
readily a.s the acidity increases, basic pigments (notably the metallic oxide type such 
as red lead pigments) which produce an alkaline condition will retard or prevent 
attack. On the other hand, some strong oxidizing agents (notably the chromates) 
are effective because they act as passivators. 

The emphasis in anj' paint system should properly be placed on the primer. It is 
better to have two good coats of a true rust-inhibitive primer followed by a mediocre 
top coat than the reverse. The ideal system comprising an efficient primer coat to 
inhibit rust with an adherent top coat that defies sun, water, and weather still remains 
the painter’s goal. 


PREPARATION OF SURFACE 

Many maintenance engineers have neglected to provide a finn, solid foundation for 
paint systems. Paint manufacturers have failed to stress the importance of proper 
surface preparation and diying conditions to attain maximum service. Just as it 
is “penn 3 ' wise and pound foolish” to use cheap paint on anj’' structure worth saving, 
so is it equally foolish to apply high-qualitj' paint to a surface on which there is 
mill scale, rust, grease, moisture, dirt, or old paint which is scaling and loosely 
attached. Premature paint failures mean more than the loss of the paint since labor 
and other costs in applying average 400 to 800% of the paint material itself. 
Furthermore, repainting becomes more expensive and the metal has been partially 
sacrificed. 

There arc adequate tools available for surface preparation, namely scrapers, wire 
brushes, sandpaper, and steel wool. For the larger surfaces, particularly those steel 
forms and structures where mill scale is still present, there are many efficient time- 
saving devices. ^.2.3 Thej' may be described as: 

1. Chip hammering, sandblasting, or shot blasting with air pressure. 

2. Pickling in acid bath (with or without inhibitors). 

3. Flame cleaning and deh 3 "drating, preferably followed b 3 '- power wire brushing. 

It is important to insure the absence of mill scale since this hard crust of iron 
oxide, when loosened, will accelerate the eventual “letting-go” of the entire paint 
system down to the bare metal. Mill scale varies in its tenacity of adhesion to the 
metal and is brittle. It is cathodic to steel; hence, wherever there is discontinuity of 
scale, accelerated corrosion sets in.i In this connection the British Iron and Steel 
Institute has reported that “it is clear that complete descaling before painting is the 
only safe method of eliminating the danger of pitting as a result of electrochemical 
action, which will persist so long as an 3 ’' mill-scale is allowed to remain on the steel.”-* 

To remove rust and mill scale, an 3 ’- of the above cleaning s 3 'stems w'ill suffice, 
depending upon the time element and the facilities on hand, i.e., air pressure, sand 

* R. JI. Burns and A. E. Scliuli, Prolcch're Coatings for Metals, Reinhold Publishing Corn Nen- York 
1939. 

■ J. C. Hudson, Fifth Iteporl of the Corrosion Committee, Iron and Steel Institute, London, 1938. 

’ Anieric.ati Institute of Steel Construction, The Preparation ofStnidural Steel Surfaces for Painting, 1010. 

■•The Inm and Steel Institute (Brilisb), “First Report of the AInrine Corrosion Subcommittee ” 147 
PoperO, p. 390 (1913). 
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and apparatus for blasting, tanl^ for pickling, or oxjacetjleno ejlinders and flame 
brushes for the third method When the flame cleamng method is u-ed, wire bru'hm" 
hould follow, and the surface should recene the prime coat while still hot and free 
from moisture 

Each cleaning s^'tem possesses adaantiges and disadi antage« Sometimes, howeier 
the methods maj be combined for optimum results For example, sandblasting, 
followed bj flame cleaning, add- the advantage of dehjdration to cither wet or dry 
«andbla'ting operations In addition, the inorganic surface treatments described in 
Phosphate Coolings, p 867, maj be included «o that a phosphoric acid solution 
might follow a pickling process or could be sandwiched between sandblasting and 
flame cleaning These considerations can be weighed onlj m the light of the per- 
formance specification' which haie been «et up and m the nature of the job — 'hop 
coat xs repaint work, ship interiors bridges, etc 

K1\*DS OF PAINT SERVICE 

For the «ake of simphcit\, metal protecti\e paint s> 'terns can be cla-sified under 
four usages 

1 Mild atmo'phenc m rural areas 

2 Severe atmo«pheric m industrial, tropical, or coa'tal areas 

3 Tidewater exposure on surfaces «ubject to alternate 'ubmei'ion and atmospheric 
exposure 

4 Submerged expo.'ure (a) in salt water, (b) m frc'h water as well as water-*torage 
tanks 

At the end of this chapter (p SS9) are luted a number of tvpical metal primer 
formulations The} will «er%e as illustiatioDs to show the dner iflod uw material' 
available to paint chemists T\itb the formulas are designated conditions under which 
the tjT5e of primer is especially serviceable It i* intended that the e example ot 
anti corro'ue primers illustrate the wide variations pos.ib]e The enlightened paint 
chemists of today realize that the gradual perfection oi their work on protective 
coatings lies in the use of balanced pigment combinations and m the cmplovment 
of more complex vehicles wheie each type of oil oi rc'in contributes in the ultimate 
performance of the svstem A detailed compilation'* of raw niatenaL luts almo t 2000 
pigments, 2S0 oil', 70 grades of fatty acids, 280 types of resins, almost 300 kinds of 
«olv ents and thmnera, and 290 distinct pla'ticizers 

Generally speaking, there is a tendency to favor a vehicle or binder in the top 
coat which is similar in nature to that u ed m the primer so that the entire ev'tein 
Is “welded’ together as one Hard-drying coats should not be lued over soft-drying 
primers and vace ver-a In addition, there are the practical consideration' of permix.i- 
ble drying period, method of applying, and cost limitations Choice of any paint 
sy stem inv olv es these factors as well as the specific servuce requirements 

BVSIC TYPES OF VEHICLES 

The non-pigment liquid portion of a paint forms the vehicle, binder, or medium 
(the British term) To the layman, a vehicle is either a varnish or an oil and, when 
pigmented, the varnish becomes enamel and the oil become.? paiul This is a 'imple 
and correct statement, but the hue of demarcation between oils and vami lies is no 

’ Henr> A Gardner, Phjaical and C\emtad Eiamtnatwn of Paints Vamuhe^ Ixicguers and Colon, Otb 
I d , Icsutute of Paint and X arm*h Re-earcli VV ashmsion, D C 1930 
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longer so sharp as it was several decades ago. At that time, linseed oil was the staple 
paint vehicle (and is still the most widely used drying oil today). Varnishes were 
made by cooking it with resin hardened with lime and zinc oxide. Natural resins such 
as Kauri and Congo were forerunners of the better and harder drying varnishes of 
todaj\ 

Then came three major developments: (1) the widespread use of China rvood oil 
(tung oil) with its quick-drying, waterproofing properties; (2) the rapid adoption of 
phenolaldehj'de resins as a means of further “stepping up” drying properties and 
improving durability; (3) the introduction and acceptance of alkyd resin vehicles, 
notably the glyceryl phthalate t 3 'pe. Though the term synthclic is often applied to 
phenolic resins, the paint industry more popularly used this designation in describing 
alkj’d types evolved from chemical reaction of gh'cerin. phthalic anhj'dride, and 
fattj’ acids of drying oils. The alkyd paints constituted the bulk of the ultra-durable 
camouflage paints used on implements of war where their characteristic resistance 
to oxidation and film breakdown made them invaluable under the many conditions 
of exposure. 

The widespread use of China wood oil, phenolic resins, and alkyd resins has in 
itself been an impetus to the creation of better finishes. Not only did they establish 
new standards of performance but they stimulated alternate and substitute methods 
for accomplishing such results. 


RUST-INHIBITIVE PIGMENTS 

The most successfully used rust-inhibiting pigments fall into the general class of 
reactive pigments and are still, bj’ far and large, compounds of lead or zinc. A 
discussion of the more important pigments follows. Attention should again be drawn 
to the chart at the end of this chapter which illustrates their use, often in com- 
bination with other reactive pigments and/or inert, neutral pigments. These neutral 
pigments, such as iron oxide, magnesium silicate, and silica, have demonstrated 
definite advantages when used with the reactive zinc or lead pigments.*'." Examples 
are increased film strength, improved adhesion, less reactivity with the vehicle, and 
a “tooth” which makes for better bond between coats. 


The Le,vd Gboup 

Red lead is available in the usual commercial grades; 98, 97, 95, and 85%, which 
indicate the percentage of true red lead (Pb 304 ). The remainder of the pigment is 
litharge, PbO.® This pigment has found very wide u.sage in metal primers. The reason 
for its effectiveness is slated as the inhibition of the anodic solution of steel or iron 
duo to its alkaline and oxidizing nature.* This property is very desirable, particularly 
in the acid conditions of industrial environments.** In addition, it reacts with the oil 
to form relativcty in.soluble soapy formations which reinforce the film, making it 
more impervious to moisture. 


* For further disousaiou of the meohanism, see Passivi(y, p. 31. 

** 11. M. Burn..i and A. E. .Scliuh, Proleclhe Coatings Jor Metals, Reinhold Publishinc Corn New York 
la.'Hi. 

■ F. Fancutt and J. C. Hudson, “ — Anti-corrosive Compositions for Ship Bottoms. — ” The Iron and Steel 
Institute (British) 150,269-333 (1044). 


* J, J. Mattiello (Editor), Pratcctiee and Decoralire Coatings, Vol. 11, John Wiley and Sons New York 
1042. 

’ I.. L. Garrick, Eng. A'cii's-ffccord, 132, 4GS (1944). 
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The characteristic mhibitu e properties of red lead can aLo be used to advantage 
m combination with both reactive and inert pigments Desirable improvements in 
elasticity are aLo offered bj the use of vehicles and drjing oiL which are less 
sueceptible to the oxidizmg effect of the pigment 
Basic lead sulfate la available m two tjpes 
■Rhite— 2Pb'?Oi PbO 

Blue — white basic lead ‘mlfate 45% min lead oxide 30% mm lead mlfide 12% 
max lead 'ulfite 5% max nnc oxide 5% max carbon and mi'cellaneoua 
6% max* 

Basic lead sulfate is recentlj reported^® as givmg very favorable underwater per 
formance and promi'es to become an increasingly important ingredient in metal 
primers Bemg strongly basic the^ sulfate pigments react with acidic ingredients m 
the electroly'te neutrahzmg them In addition they pos«e&3 irregular particle size 
which connotes better penetration into surface irregularities building a coherent 
water resisting film that protects against acid and salt solution* oxygen and other 
ga^e^ 

White basic lead carbonate (2PbC03 PblOHJz) l* although a widely Used pg 
ment has been found most valuable for u e as a top coat pigment More and more 
attention is being given to it* a.e a* a component pigment m primers Success with 
It has aLo been recorded by the Briti h i® 

Lead chromate broadly referred to as chrome yellow varies m color from light 
vellow to deep orange As a ru.t inhibitive pigment the basic lead chromate 
(60% PbCr04 40% PbO) i* generally regarded a* superior to the medium or norma! 
tyiie (9S% PbCr04) 'ince it* alkalimty and moderate reactivity with the vehicle 
provide good protection It is u ed extensively in primers where it differ from zinc 
chromate m its slower release of chromate ions becau*e of its v ery low solubility 
Other lead pigments are lo the process of being evaluated Examples are bi.ic 
silicate dry white lead metallic lead flake chromated leaded zinc chromated blue 
lead chromated white lead carbonate lead aluminale etc 

ZrSC PiGVIENTS 

Zinc pigments hav e become a strong contender for the dominant poaition held by 
red lead over the years a* a rm.t mhibitive pigment 

Zinc chromate is ty pified by the formula 4ZaO 4Cr03 lv»0 3H<>0 This pigment 
zinc yellow has shown a vast increase in u*e due to its versatility for protecting steel 
as well a* aluminum and magnesium Its theoretical function is to release soluble 
chromates which pa&ivate the surface By the same token however it often shows 
a tendency to form water blisters in the presence of excessiv e moisture 

In highly industrial atmosphere* where SO" i* present chromate* have been 
reported^* as depolarizing the cathodic hydrogen film and thereby stimulating cor 
ro'ion The mcorporation of a basic pigment with zinc chromate should aid in 
stabilizing the latter in acid environments 

“•F FancuttandJ C Hudson — Anli-corros ve Compos t ons for Ship Bottom* — The Iron and 

Steel Institute (Bntish) 150 260-333 (IMd) 

li. CamcL, f "ff tigas-Rteord 132 468(19*4) 

«J J VlatteUo (Editor) ProUeHit and Dteorat tt CoaUngt Vol II John Wiley and 'Jons New YorV 

19^'’ 

Henry A. Gardner and L. P Hart Nat onal Paint Varnish and Lacquer Assoc ation, 5 5 Ct r 633 
R M Bums and A E Schuh Prolettixi CoatMonSar VelaU Re nbold Publish ng Corp Ne* York, 


1939 
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Zinc cl romate lia» i mde compabbilitj with i chicles and avi'filiarj pigment® 
proMdmg a S5'nergi*tic effect in its improaement of the oierall performance 

Zinc tetroxy chromate (ZnCr^ 4Zn[OHl«>) is an alternate form of zinc chromate 
pigment that now has a backgiound of evpenenee when u ed m pigment combinations 
with iron o\jde zinc oxide and inert pigmenta It has been uaed mootly in primers 
for machinerj equipment and ordnance matenal 

Zinc oxide (ZnO) although not usually regarded as a rust inhibitne white pig 
ment has neutralizing effects that are beneficial It is commonb u ed with zinc 
dust zinc chromate iron ovule and varioub lead pigments As a basic pigment zinc 
oxide reacts with the organic \ehicle to giie a tighter film and better resistance to 
both water and abrasion 

Zinc dust (Zn) a 1 ea\-j metallic powder b furnace distilled to a finelj diiided 
powder 97% of which pa^ es through a hiO 32o mesh «ie\e (00017 m openings) It 
performs evceptionalh well in paints for gaUamzetl or other zinc surfaces and al o 
for water «toragc tanka and fie h water 'ubmersion It u u ualK u ed with about 20% 
zinc oxide to which iron oxide or chromium oxide are sometimes added The 
reactuitj of zmc du. I with the acidic con tiluents of certain x chicles results iB 
hjdrogen exolution and gassing A two compartment container for zinc dust paints 
is therefore mandatorj unless experience has demonstiated that no reaction takes 
place 

Leaded zinc u ax ailable in 3o and fi0% grades the percentages showing the amount 
of white basic lead sulfate incorporated with the zinc oxide Since both the ulfate of 
lead and the oxide of zmc haie proved advantageous this composite p gment is 
finding a place in rust mlubitive paints 

Other Pigments Though of limited use or m the experimental «tage zinc 
alummate^^ chromated zinc oxide^^ and ammonium fenois phosphate^^ have 
attracted attention as have the low olubility chromate pigments of stront urn and 
barium 


LACQUERS AND BAKING ENAMELS 
P O Powers* 

A v3net> of natural and «vnthetjc organic materials is now available for the 
manufacture of lacquers and baking enamels Each t>pe of resin has properties that 
Cspeciallj fit it for certain types of service none combines all the e properties 
The sjmthetie resins are capable of almost infinite variation In a lacquer resm 
readj solubility in low cost solvents is desirable but the lack of re^utance to the 
=ame solvents m the finished film is not wanted Tho e showing maximum adhesion 
to metal frequently have poor resistance to water hardness (desirable) and brittle 
nes 5 (undesirable) usually accompany each other In many ca es a combination of 
properties is 'ought which are mutually exclusive It is however not nece^'arily 
true that the properties of the re in as applied arc the same as for the film which 

•BattelleXIemonallnst tute Columbus Ohio 
15 Harley A Nelson Ind Eng Chem il 3s 

*5 Henry A. Gardner and L P Hart Nat onal Paint X arn sh and Lacquer Asaoe at on S S Ci c 633 
(1942) . 

17 f Pancutt and J C Hudson — Antt-corroa e Compos t ons for Sh p Bottoms — The Iron and 
Steel Inst tute (Bnt sh) 160 269-333 (1944) 

u xi Erslune Godfrey Gnmm andS C Homing Ind Eng Chem 36 430 (1944) 
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resulta from it. With heat-reactive resins, for example, the basic properties change 
profoundly on baking. 

formation of resinous materials 

Natural resins such as fossil gums and shellac are formed by complicated processes 
that have not been entirely clarified. Naturally formed large molecules like protein 
bodies, cellulose, and rubber are potential starting materials for coating compositions. 
The esters and ethers of cellulose have found wide application as lacquer ingredients. 
Excellent finishes have been made from zein and similar proteins. Chlorinated rubber 
and other rubber derivatives offer great promise in chemicallj' resistant and under- 
water coatings. 

One generally used method for forming purelj' sjmthetic resins is condensation 
polymerization. In Table 1, the methods by which a variety of commercial resins of 
this type are made have been outlined. Such condensation reactions can be interrupted 
and completed at some later time;, many of the thermosetting resins are formed in 
this way. The molecules become larger as the condensation proceeds, but the con- 
densation is interrupted while the resin is still soluble and fusible. There are, however, 
reactive groups present which, when condensed, lead to still larger molecules and in 
some ca.«cs to completely insoluble and infusible materials. 

The other method by which polymers are formed is known as vinyl polj'merization. 
Vinyl resins are usually permanently soluble in specific solvents, but there are 
exceptions. If a compound with two vinyl groups is polymerized, a highly cross- 
linked pob'mer is formed which is insoluble and infusible. Divinyl benzene is such 
a divinyl compound; its polymers are highly insoluble. 

Vinyl compounds are often copobTOerized by reacting two different monomers 
and forming a polymer which contains segments of both starting materials. The 
vinyl chloride-acetate copolymer, known by the copyrighted term Vinylite, is a 
well-known example. This copolymer has properties quite different from those of 
either poljwinyl acetate or polyvinyl chloride; the effect cannot be achieved by 
merely mixing the two individual polymers. 

Many of the commercial plastic resins have been or can be used for protective 
coatings. The resins listed in Table 1 include the more important. The condensation 
polymers are usually heat-hardening and are supplied in soluble forms which require 
heat to effect a further reaction resulting in curing the film. Most of the vinyl-type 
polymers are applicable as lacquers, though force drying to accelerate solvent release 
is recommended. 

Whereas it is true that much of the inherent superiority of the so-called baking 
finishes is attributed to this heat treatment, at the same time this places a serious 
limitation on their applicability to many structures, where the maximum protective 
action could well be afforded. Thus, for example, even were it possible to employ 
baked or “stoved” coatings on prefabricated structural steel bridge trusses when 
supplied to the contractor, damage due to handling during a.ssembly would necessitate 
painting of the completed bridge; and repainting eould hardly be accomplished with 
other than air-drying compositions. Experiments on a fairly largo scale with infrared 
lamp banks, wherein efforts to bake out coatings in place on ma.ssive steel structures 
have boon made, have not demonstrated this approach to be very practical. On 
smaller items such as reaction vessels, storage tanks, and the like where the coating 
serves as a lining, this and other tjqjes of bake-out techniques are both pos-sible and 
in actual use. 

On the whole, the baking-type coatings must be considered as primarily adapted to 
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8U CORROSIO\ PROTECTIO\ 

■TJecialtj purpo«es Food containers such as cauo and small pail steel drums fabri 
cated metal caps and clo-ures household and instrument cabinet' refrigerators 
mu-cellaneous hardware eien automobile bodies are tj-pical succei»ful applications 
where the older air-drj lacquers and famishes or enamels are now almcLt entirely 
replaced b^ baked on coatings 

The air-drjing sjnthetics are more widely emplojed for decoratne than for 
protectne purpose Metal t03 bicjcles me^peiLue metal signs a^h tra^s and the 
like con lime sueable quantities There is a <5teadilj increasing market for both 
air-drj and baking wrinkle hnuhes Thej are both protectn e and decoratn e and 
appear on dner e metal articles «uch as precision imtrument mounting automobile 
radio cabinets and similar familiar objects 

^here the e\po ure conditions are mild such as on hoiuehold articles normallj 
ii'ed indoor« the life of thc'C fini hes a'lde from mechanical damage due to 
scratching or marrmg is practicallj indefinite Outdoor e^pomre u uallj neces-itates 
repainting after one or more 3 ears or «ea'ons Most of the present automobile 
finishes 'hould ea^ib last for 3 3ear3 without touch up or repainting Howeier 
conditions of lue and exposure \ar3 'O wide!3 that an5 thing other than broad 
quail lain e estimates on service life is dangeroit. 

Generallv 'peaking the alk3d and alkvd cellulose finishes are superior for outdoor 
exposure Phenolic coatings are outstanding under conditions of water immer ion 
and «evere clemical attack man3 of them will witb-tand even concentrated hot 
cao-tic for long times The vm3l and acr3lic coatings are unique m their oil acid 
and alkali re'utance in addition they arc colorle.s odorle^ ta.tele'^ and non tone 
which accounts for their wide apphcatioa as liniogs for 'anitar3 food beverage and 
cosmetic container' and clccure^ The water re istance of all these fiauhes is superior 
to that of an3 but straight tung oil phenolic varnishes 

VARIETIES OF RESINOUS MATERIALS 

Phenouc Resd»s 

The phenol formaldehsde re«ins are adapted to diver e t3*pes of application Some 
of the phenolic re ms are u^ed as fortif3iQg re,ins with dr3iQg oiL Others arc de igned 
for use as 'uch the3 are soluble in alcohols and aromatic solvents and require baking 
at about ISO® C ( 3 o 0 ® F) for 10 to 40 mm to complete the cure The cured film is 
among the mo-t re^utant to water acid alkalie and 'ohents of all t3-pes that are 
available The baked films are itoualJ3 dark and cannot be pigmented to give ver3 
light colors ‘^ince the film becomes increa^mgb brittle as the cure is completed care 
mu^t be exercued not to carr3 the bake too far Thin films must be emplo3ed 
became of their inherent brittleness 

Another mtere ting t3 pe of phenolic re-m is the 'o-called di'per'ion re m The^e 
resins are oil modified and have been pre reacted so as not to require baking They 
are not 'oluble but can be di per ed ro aromatic h3drocarbons They are almmt 
always emplo3 ed m combination with other resiDs and pigments as air-dr3 primers 

Alkyv RespsS 

Alk3d re^ms are cs-entiall> pohe-ters Thev well illu trate the ver'atilit3' of the 
'vnthetic resim 'ince they can be modified to produce hard brittle reins soft 
plasticizing re^iiL and even poly men* which resemble rubber and which can be 
v-ulcamzed A wide vanety of starting matenals is po^ible but for the commercial 
coating reams phthalic anhydride glycerin and the drying or 'emi drying 0 Is are 
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mo^t important. Maleic and .succinic anh3’drides arc also important law materials in 
the picpai.ition of alkyds, as are terpene-maleic anhj’dridc modif.ving agents. 

When glj'cerin and phthahc anhj’drido aie heated togethei iMth a vegetable oil 
01 fatty acid, gelation occurs befoie all the acid and alcohol groups have completely 
reacted. The leaction is stopped .«hort of the gel stage, and the resulting potentially 
reactnc rcsinoid is then dissohed in a suitable solvent such as mineial spiiits or 
wlene The commercial alk^d resins vaiy in their content of phthahc glj'ceiide from 
about 20 to 60 %. The lesms of low alkyd content are usualh' soluble in petroleum 
sohents and do not give paiticulaib' riscous solutions; the resins of high alkj^d 
content must be cairied in aiomatic hj'drocaibons and j’leld much more viscous 
solutions. 

If the fatt3’^ acids which aie used arc derived fiom dr3'ing oils (linseed, penlla, 
oiticica, so3'a, tiing, or deh3’diated ca^toi oil), the pob'ester is “unsaturated” and will 
div, as the di3’ing oils do, on exposure to aii or on baking These di3'ing-t3’pe poly- 
estci lesins are in many wa3’s comparable to oil vainishes but usually excel them in 
dufabiht3^ and in letention of gloss and coloi. 

Since additional haidness ma3^ be desned without loss of color, urea oi melamine 
icsins are often added to alk3'd foimulations The diying-type alk3’ds are also w'ldely 
used in combination with cellulose nitrate, where as much as foui oi five parts of 
resin ma3’ be used to one pait of nitrocellulose A relativeb' high resin content may 
be achieied in this manner These are the familiar “lacquers” of commeice 

Maleic anhydride combines with losin to foim a tiibasic acid When this acid is 
estcrificd with glvcerin m the picsence of roain, a hard lesin is produced which is 
often used with cellulose nitrate to impiove gloss and increase the solids content 
of lacquers 

Urea Resins 

The resins from uiea and formaldeh3’de are usually applied from alcohol solution 
thinned with aiomatic hydiocarbons When the coating is baked, a hard insoluble 
film IS foimed composed of Iiighb'' ci os.'-linked molecules Since the cured film is 
quite buttle, it cannot be used alone to any achantage; accordingly, alkyd resms aie 
iisinlb^ blended wnth these lesins to impart some fle\ibiht3’ 

Uiea lesins cine more lapidb^ m an acid enviionment The acidit3' of the added 
alkyd lesin is usually sufficient to cause the cure, but amine h3ffirochlorides, which 
e\oho HCl on heating, aie occasionally added to effect cuie at lowei tempeiatuics. 

jMelvmine Resins 

The melamine resins are similai to the ureas in man3’- of their piopeities They can 
be modified b3' combination with butanol oi capr3d alcohol in the same wa3' as the 
urea icsins aie modified They are emplo3-cd pnmaiily to impart hardness to alk3'd 
rosins, wheie a somewhat smallei amount is rcquiied than with the uiea resms for 
equal hardness Their color retention is better than that of the urea resins, particularly 
where they aic subjected to bakes at 120 ° C ( 250 ° F) and over. 

Hydrocarbon Polyciiers 

Since oiganic h3-drocarbons are not usuallv affected by watei, acids, or alkalies, 
they might appear to be ideal materials for piotectne coatings. They ha\e not] 
howorei, been widely adopted, pimcipally because no simple hydrocarbon polymer] 
with the po'.-ible exception of polyethylene, has 3'et been found with the d^iied 
flcxibilil3’ and adhcin enc^. 
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PoIjstjTene is of considerable interest as a pcte ible raw material for coatings since 
•tyrene is now produced m large quantities The polymer 1=! however rather brittle 
and plasticizers do not impart much flexibility It cannot be blended with drjing oils 
Most hjdrocarbon resins are comparatu elj low in molecular weight thej can 
be blended with drjing oils to improve re latance to water They are too brittle to 
form «ati«factorj films alone Hydrocarbon reans from cracked gases or from the 
polj menzation of dienes are highly unsaturatcd and have been named ■petroleum 
drying oils The color is often very dark They polymerize further on baking to 
insoluble but brittle films These resins can aLo be blended with drying oils and they 
find their greatest utility m that way 

AcETtATE Resins 

The polymers of the aliphatic esters of melhacryho and acrylic acid and their 
copolymers offer a wide variety of resins of varying hardness some of which are well 
adapted for use as coatings The polymers become softer as the length of the carbon 
chain m the esterjfying alcohol is increased Thus polymethylmethacrylate is harder 
than poljethylmethacrylate and n propyl and n butyl polymers are progressively 
softer The acrylic acid polyesters are considerably softer than the corresponding 
methacrylic esters The various c«ters copolymerize to give rcsins intermediate in 
properties between tho>.e of the polymers from «mg]e enters 
The acrylate ra-ins are relatively expea.ive but coatings from them pos«esa many 
valuable properties They yield water white films which do not di'color on expo.UTe 
to heat or sunlight Their films are resistant to water acids and alkalies Most of the 
acrylate resins are not affected by mineral or vegetable oils As with many other 
resins the hardest are the most r&.istant to chemical reagents 
Their solutions (tn ketone ester or aromatic solvents) can be pigmented m the 
u^ual manner The films are thermoplastic and can be fluxed on baking Adhe*ion is 
improved by baking but the air dried films are often eatisfactory as they are 
Plasticizers may be incorporated but are u ually not required 

Polyvinyl Acetate and Acetals 

Vinyl acetate polymerizes readily to a rather soft resin which is little used in 
protective fini hes However, if the acetate groups are removed by hydrolysis and 
D 2 ^ 51 F^ tfvf the free hj’drex}'} grs>a>p> ibsa cciudessed mih ss ehiehyde a apaves of 
acetal resins is formed which have wide application m surface coatings Thus 
if formaldehyde is reacted with polyvinyl alcohol polyvinyl formal is formed this 
resin i» u«ed primarily for wire coating IV here greater hardness is required a reactive 
phenol aldehyde resm may al o incorporate with the acetal resin 
Butyraldehyde yields a softer more soluble re^in It is somewhat soft for many 
appbcations but can be hardened by fortifying with heat hardening re ins phenolic 
urea or melamine resins can be thus employed 

VivTL Chloride Copolymers 

Many polymers of vinyl chlonde have been developed as plastic materials and are 
widely used as extruded articles Polyvmyl diloride however is not readily soluble 
and has not been widely u ed m surface coatmgs as such The copolymier resulting 
from vmyl chloride and vinyl acetate has however been 'uccessfully med for many 
coating applications A three-component copolymer is also available which contains 
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a small amount of maleic anhydride in addition to the vinyl chloride and vinyl 
acetate. 

The older vinyl chloride-acetate copolymers do not have particularly good adhesion 
to metal when air-dried; however, excellent adhesion is obtained when the films 
are properly baked. The maleic-modified copolymers, on the other hand, give 
satisfactory air-drj’ing coatings. 

Since all vinyl chloride resins have a tendency to evolve h 3 'drogen chloride and 
darken on prolonged heating, stabilizers are usually added. Iron and zinc surfaces 
accelerate this breakdown, and chlorine-containing coatings applied to such surfaces 
must be properly stabilized. Non-vinyloid resin compositions arc often used as 
primers. Thermal stabilizers are usually materials which combine readily with the 
evolved hj'drogen chloride. Organic amines or amides have been used ; and urea and 
melamine-formaldehyde resins are also reportedlj' effective. 

The coatings are usually formulated in aliphatic ketone solvents, thinned with 
aromatic lo’drocarbons, and are tough, flexible, non-flammable, and highly resistant 
to the action of moisture, alkalie.s, acids, oils, and fats. They may be employed as 
clear lacquers or pigmented in a wide varietj' of colors. If pigmented, a small amount 
of plasticizer is sometimes added with the resin. Many pigments can be used but 
those with a high content of iron or zinc should bo avoided since they adversclj' 
affect the heat stability of the resin. Pigments containing lead and antimony, on the 
other hand, have a definite stabilizing effect. Vinyl chloride copolymers with aciylic 
esters and with vinjdidene chloride also have promise in the field of surface coatings, 
but have not yet been offered in commercial quantities. 

Cellulose Derivatives 

Cellulose Nitrate. For formulating into lacquers (Pyroxylin), the acetate esters 
are usually used as solvents (ethyl, butyl, or amyl acetate). Acetone and the higher 
ketones are also solvents. Alcohols arc often added with the esters, and aromatic 
hj’drocarbons are used as thinners. Plasticizers arc usuallj^ added to increase the 
flexibilitj' of the films; tricresjd pho.sphate and certain phthalate esters are often 
cmplo.ved. Cellulo-'^e nitrate is nearly always blended with other resins, particularly 
those of the alk.vd type. It is inflammable and discolors on aging. 

Cellulose Acetate. Cellulose acetate is not inflammable and does not discolor on 
aging. It is, however, a rather difficultly soluble material and has not been used in 
lacquers to the extent of the nitrate. 

Cellulose acetate films are characterized bv considerable toughness and good color; 
they must be plasticized to give flexible films. The films are affected by water, but 
added resins and plasticizers improve the water resistance. 

If part of the acetyl groups arc replaced by propionyl or butyryl groups, the 
resulting cellulose acetate-propionate or cellulose acetate-butj’^rate is more readily 
soluble and is more readily plasticized. These mixed esters are more re.sistant to 
water than cellulose acetate. The films arc tough and have excellent color. 

Cellulose Ethers. A few cellulo.se ethers have found application in film-forming 
materials. The ethyl other is the principal commercial material. The ethers are usually 
softer than the esters, are more readily soluble, and more easily plasticized. 

Ethylcolluloso solutions are increa.singly emploj-ed as clear lacquers. Mixtures of 
aromatic hydrocarbons and aliphatic alcohols are u-sually employed as solvents; most 
of the ester-type plasticizers can be used to impart flexibility. The addition of 
phenolic resins has been suggested to improve the water resistance and stability 
to light. 
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BITUMINOUS COATINGS 
F Faib Jr * 

Protectne bitummous coating of \anoua compooitions and properties ma^ be 
dmded into three clashes according to the^e general tjpes of 'er\ice (1) atmos 
phene (2) water immersion (3) sub urface 

In 'electing the proper tjpe of bituminoua material for a gnen project con idera 
tion 'hould be gi' en e\ aluation of the flow properties, of the coating m connection 
with the particular «er\ice condibona temperature ranges and stre^ es e\pected to 
be encountered as well as resistance of the proteett'e coating to moisture ab- orption 
weathering effects and chemical reactions For all three of the sen ice tj pes men 
tioned aboi e primers are u_ualli applied a* the fir t «tep of the protection process 
The^e primers are customarily made bj cuttmg back (dis oh mg) the molten 
unfilled high melting bituminous 'ubstance «ub..equentl> to be applied hot or a 
compatible equivalent material with the proper type and amount of volatile solvent 
providing a free flowing bru-hable and 'prajable quick setting product After 
application and drying the re-idual film furzu heo a thm adhesive coating to which 
the later application.? of hot bituminous compo itioos will firmlj bond Occa. onallj 
non bituminous primers such as red lead are u-ed as undercoats for bituminous 
supfaciags brieflj de..cribed below It should be noted that the o-e of red lead under 
coats has not proved satisfactoiy for most underground services 

ATMOSPHERIC EXPOSURE 

Puvrs 

Asphalts or pitches of different 'oftenmg pomts and penetration ranges and of 
different vuco..itj temperature «a.ccplibi!ities maj be cut back with pre..elected 
compatible olvenLs to furnL.h «ati factor? weather res taut paint' for tanks bridges 
'tructural metal cuherU etc Occasionally finely divided fillers such as late mica 
talc and the like are incorporated in the^e paints m amounts of lo to 40% sometimes 
producing thusotropic product* fluid enough for ea^ application y et e'lhibiting 1 ttle 
or no flow for relativ ely thick coatings and pOssCs mg excellent weathering properties 

Another vanation m bituminous paints is provided by incorporating aluminum 
bronze powder or paste in a properly 'elected bituminous vehicle or m a bituramous 
paint Lpon appl cation the aluminum leafs through the black bituminous carrier 
leavmg the adhesive protective bituminous film under the outer metalhc alnminum 
surface 

Flashing cements and roofing cement, made by incorporating a bestos and other 
fibers or fillers in a pitch or an asphalt of desired weather resistant and reqmred 
rheological properties together with a miscible solvent of coal or petroleum ongm 
have been u ed widely in recent years for application over metal fla hing down 
«pouts gutter' and 'imilai metal roofing aeces-ones The e materials afford excellent 
weather protection and remain 'oft and phable over long per ods of time while 
exhibitmg complete lack of flow on vertical surfaces at high atmo'pheric temperatures 

Built up Membranes 

Frequently it js do'ired to protect metal surfaces with built up membrane' This 
la accomplished by pruning followed by plying alternate lay er& of the 'elected molten 

• Koppere Company Ino. Indvistnal Fellowdi p Mdloa Inat tute Pittsbursh Pa aod WaJea Dove- 
Heiouston Corp. Westfield N J 
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pitch or a.=pha!t and tar-impregnated or a-'phalt-impregnated felt until the specified 
number of plies has been con'^tructed. Bituminous grouts may be u^^ed for the outer 
protective layer. This type of protection, properly installed, giva= outstanding, long- 
la.'ting service performance. 

Roop’ixg, Sidixg, axo Accessories 

Several slightly different t 3 ’pe.= of bituminous protection for metal roofing and 
■Mding, corrugated, flat, or ofhenvi.-e shaped, and for roofing accessories have found 
acceptance in recent years. One type coasi.=ts of a coating of asphalt adhe-ive, a pb' 
of a.sphalt-impregnated <a.=:bo'tos felt, and an outer coating of a harder weather- 
rc,'istant a=phalt, the whole being integrally combined and pressed together. Another 
tj'pe of protection utihze-i a coating application of a filled vegetable oil pitch. A 
third product consists of a Mnglc coat of a filled, high-melting, non-brittle asphalt, 
and a fourth tj’pc provides a coating of a non-brittle, non-flowing pitch compound 
applied b.v hot dipping of the preformed sheet. Mica, talc, or other finely divided 
inert anti-stick materials may be u-ed with or without surface adhc.-ives to prevent 
those coated .sheet- from .'ticking during stock piling and shipping. 

The'c product', as a cla.s.-, furni'h excellent weather protection to metal surfaces 
over wide temperature ranges and under widely varjdng climatic and industrial- 
corrosive atmospheres. 


B'ATER IMMER.SION 

Of extreme importance i.s the efficient protection of submerged structures, piers, 
ways, docks, hull interiors, and .-hip.^’ bottoms against the action of fre.'h water or sea 
water and their contained marine-vegetable and animal life. Bccau-e of wide tem- 
perature variations in service, such as might be encountered in proceeding from 
tropical to cold northern waters or during ri-c and fall of tide-' in the direct sunlight, 
the materials selected for the protective coating mu't pas'css excellent rheological 
properties as well as light, water, and .salt-spray rcri.=tance. Bituminou' substances 
in them.'elvD3 apparently have little toxic action agairc-t marine life, but thej' have 
been found to be excellent carriers for to.xic agents, .'uch as copper, copper oxide, and 
mercuric oxide. 

Protection of immersed metal structures may be obtained bj' cold application 
of cut-back materials, or hy coating with molten enamel-..* If the enamel i.= u^ed, 
a coating of cut-back primer is fir.'t applied to a surface which has been made a.s 
clean and dry as practical. This application should be followed bj' a .-praj'-applied or 
daubed-on coat of pre-elected hot bituminous enamel, preferably containing toxic 
agents, followed by a cold-applied seal coat of a bituminous paint containing the 
recommended toxic agent. 


SUBSURFACE EXPOSURE 

Pipe Co.vTixGst,$ 

Mans- kind' of bituminou= materials have been .'ugge'tcd and U'ed as pipe coatings 
under various conditions. In an effort to cstabli'h some basic engineering principles 
with regard to pipe protection, the A.P. I. Three Corner Tc.-ts were instituted under 

• Ennmcl.( .•« hrre defined are coal tar bituminous mareriata which contain leas than IC/t of filler, 
t Ii.T‘ed on data fiinifhcd lij T. F. P. Kelly, Barrett Diriaion, Allied Chernic.il and Dye Corp , .Vrw 
Vort, X^.Y. Pre-ent addre-^: J. E. Mavar Co., Houaton, Teiaa. 

I Sec also Corrosion h’j SoHa, p 
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the aegLs of the American Pefrofeum institute, the operating pipe line companies, 
and the manufacturers of pipe coatmgs Numerous coatings, and seieral lariations 
of application were included on short test mpples and mam operating pipe lines, 
under widelj \ ar 3 mg soil conditions. Periodic examinations o\ er the 10 j ear period 
of the te't di'clo ed the complete inadequacy of thm and cold applied coatmgs, at 
the same time focusing attention on the more successful, thicker, reinforced, and 
shielded hot-applied bituminous coahngs The results in general confirmed the 
finding s m a similar set of teats ?poru.ored bj the American Gas As ociation 



Fig 1 Relatiie T\ater Absorption by 'Vanous Bituminous Materials (Harry Hajes 
Service Life of Coal Tar Enamel Protectiie Coatings J Am TFater ^orka Ataoc 32 
No 10 1705-1722110401) 

Such cooperatne teats, together with independent researches on Che part of u«er« 
and manufacturers of protective coating, bate resulted in great advances in applica- 
tion technolog) in the field of mechanical application and electrical inspection as well 
as improvements in the bituminous materials u.ed for coating Figure I illustrates 
relative resistance to water absorption by various bituminous materials 
The present trend among operabng engineers is to coat the pipe line throughout its 
entire length in contrast to the spot or skip-slop coating which wa^j the former 
practice The me of coatmuous coating having good electrical reoiatance and providing 
adequate insulation against stray currents makes the u e of cathodic protection 
economically feasible ('ee Fundamentah oj Cathodic Protccfion, p 923, and Apphea 
lion of Cathodic Proteclion, p 935) 

The accepted =) tern of underground pipe protection entails the cold application of 
a suitable primer to carefully cleaned metal, followed b) a hot, filled bituminous 
enamel coating and a wrapping of coal tar or a’=phalt-saturated asbestos felt This 
13 the primary and basic application In addition to the verj specific phjeical charac- 
teristics of the bituminous primers and enamels, the combination mu^t have definite 
performance characterutic', chief of which la the ability of the materials to bond to 
each other and to the metal surface Figure 2 illustrates the prinaple of this bond 
Once the pnmar) application is on the pipe, thicker coatings can be built up using 
'successive lajers or plies of hot-applied bituminoik enamels and impregnated asbestos 
fells as 'peciScations and right-of-way condiUona dictate 
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Figure 3 shows how a coating system can be diversified in structure by adding to 
the primary simple S3'stem to take care of severe soil conditions, river crossings, 
swamps, etc. Coatings such as these can be applied at mills, railhead j'ards, or in the 
field over the ditch. It is fairlj' common practice to use a final wapping of kraft 



Fig. 2. 1. Bituminous Coating Applied at Proper Temperatures over Compatible and 

Properly Prepared Bituminous Primers Absorbs Part of the Primer Film, and Thus Bonds to 
it. II. Bituminous Primer Film Applied to Clean Metal Surface Penetrates the Metal and 
Anchors to It. III. Metal Surface, which Must Be Thoroughly Cleaned and Free of Foreign 
Matter for Mn.ximum Bond of Coatings. 

paper or to white-wash the coating when the application takes place at mill or rail- 
head yards. This serves a double purpo.se of keeping pipe temperatures at a minimum, 
which in turn reduces stresses on a welded or mechanically coupled pipe line, and 
facilitating final inspection of damaged coating areas before backfilling. 



Fig. 3. Structure of Bituminous Coating. 

A. Steel pipe surface. B. Bituminous primer. C, First coat of bituminous enamel. D. First wrapping of 
asbestos felt (reinforcement), E. Second coat of bituminous enamel. F. Second wrapping of asbestos fell 
(shield). 

Similar types of bituminous coatings are applied to the inside of water pipes by 
introducing the molten enamel into the revolving pipe from troughs or retractable 
weirs and depending on the centrifugal force to spread the coating and hold it in 
place until it has cooled and bonded to the metal. Such linings, in addition to pro- 
tecting the metal from corrosion and tuberculation, jdeld and maintain a high 
coefficient of flow. 

The improved enamels now available exhibit much better rheological properties 
than their predecessors, while still retaining the excellent resistance to moisture 
absorption and desirable weathering characteristics of the earlier products. 

Storage T.anks and Structures 

The built-up membrane type of coating previously described may also be used for 
satisfactory protection of underground foundations, tanks, and the like. Similarly 
sj’stems and combinations such as are used for pipeline coatings may be succe.ssfullj' 
applied to subsurface fuel-storage tanks and similar installations. 
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RUBBER AND RUBBER LIKE COATINGS* 

^ K Schneider^ 

Rubber and rubber like coatings find widespread emplojment a* lining materiala 
where inertness to acido alkalie® and other heavy chemical* is mandator> This 
warrants their inclusion m anj Ii ting of important coatmg compooitions to protect 
against corrceion 

• Refer also to Aatu al and Sjrtthettc Rubber p SCo 

t Stoncr-Mudge Inc Mult pie lodustnal Fellonsh p Mellon Inst tute P ttaburgb Pa. 
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6Y\THETIC RUBBEBS 

BuTUjrENT DEniTATIVES 

Neoprene (GR "M) la a paljmer of chloroprene a buladiene den\atne and looks 
and handles much like crude rubber Neoprene can be \ulean12ed with or without 
tuKur but not to a hard rubber \ulcani2ed wheels can be cemented to metaL 
Neoprene cemenL which maj be modified with other re mo are often ii.ed to cement 
other plastic 'heeta to metal In general Neoprene compounds ha%e the temile 
recilience eIa^tlClt^ and abra-ion ra.iatance of eimilar sj-nthetic rubber^ but unlike 
natural rubber maintain the e propertiea after «oakmg in oils and manj chemicaL 
Thej age well and do not crack in unlight or ozone boweier thej swell m aromatic 
hydrocarbons and ehlonnated sohents 

Buna type rubbers (GR rubber ) are copohmers of butadiene with other materials 
(the a compounds with 'tyrene the N with acrylonitrile etc) Sheets of thc'e 
material can be cemented to metals by the lue of special cements Buna cements 
can be made by di_.ol\mg the polymer in ketones and aromatic «ohent. The mmt 
famihar u-e is m bulletproof aircraft gxohne tanks The^e copolymers hare fair 
temile strength and good elongation The abrasion resistance is «hghtb better than 
for natural rubber The N copolymers re 1st ewelling m mineral oil and low octane 
ga oline Both N and S copohmers have excellent re stance to ox datioa and 
decompo-it on when exposed to heat gas difiu-ion through them is lower than 
through natural rubber Thermal rei tance i. good but both are slightly inferior to 
natural rubber m tear re^ntance and re ihency 

Other Olefin Rcoders 

Butv I rubber (GR I) is a dengnation for a «enes of rubber like products made 
by pohmerizing a h percentage of a mono-olefin hke nobutvlene and a email 
amount of a di olefin like butadiene The resulting products have onh a fraction of 
the un aturauon preKeot in natural rubber and after v-ulcanization the product is 
eswCntiailv a cros. linked aturated bvdrocarbon ‘Sheets of the e materials may be 
cemented to metals Cements and «preading doughs are made a.ing petroleum 
naphthas as ohent Since butyl rubber u e- entially a paraffinic hydrocarbon it is 
extremely re^ntant to 'mch acids as concentrated ulfunc and nitric acids to 
oxidation and to ozone It is swelled by ahphatic hydrocarbons and coal tar solvents 
but L unattacked by v egetable and ammal fats and oiL Its water ab orption is about 
one-fourth that of natural rubber and its hydrogen and nitrogen permeabihtv about 
one-tenth that of rubber 

^ I tanex is a commercial product resulting from the polymenzation of isobutene 
The low molecular weight pohmeri- med in caulking compoimd* hot melt coatings 
and adhe iv c and as a plasticizer for other resins and waxes The medium and high 
molecular weight polvmers are u^ed for acid resistant coating gaskets and caulking 
compound These re,ins are si o med as phuticizcrs for waxe^ re^im and asphalts 
to lower their moisture vapor tran mis-ion and to increase their low temperat ire 
flexibility ^l tanex cannot be vTjlcanired 'solutions of it can be made with hvdro- 
carbon solvents \ 1 tanex is not affected bv ozone and when mixed with equal parts 
of rubber the rubber is only v ery lowly attacked by ozone It is quite resi tant to 
stroD'' mineral acids at room temperature Moisture transmission is low and good 
electrical properties are mamtamed even on immer-ion \i«tanex is «upenor to 
rubber with respect to impermeability to "uch ga®es as hydrogen helium nitrogen 
and sulfur dioxide 
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POLYSULFIDE RUBBERS 

The term Thiokol i? a trade name for a number of organic polysulfide rubbers 
(GR-P). Varioas materials range from "latexes” or water dispersions, through 
cement=, curable liquid resias, uncured sheeLs, “cured” sheets, molding powders, 
and putties. Certain forms can be applied by .spraying as a liquefied powder. As a 
clas=, they are practically unaffected by kerosene, fuel oils, lubricating oils, and even 
high aromatic gasoline. Certain of these re-sins can be used as coating compo-sitions, 
dissolved in aromatic hydrocarbons, chlorinated solvenis, alcohols, ketones, or ethers. 

Some of the water dispersions can be compounded to give good film-forming 
compositions; the films are fair!}' hard. They have been n=ed successfully in the 
coating of underground steel and concrete aviation g.'isoline-.storage tanks, fuel-oil 
and ga.=oline-caiTjdng concrete tanker.^, and airplane ndng tanks. The ga.=o]ine per- 
meability is quite low, but the moisture permeability is high unless the latex receives 
special treatment. Flexibility at very low temperatures is excellent. 

“Cured” .sheets and tubes are available. The sheets can be cemented to nearly any 
surface and have been used in tanks holding high aromatic gasolines. Tubes are 
available for piping benzene and other active soh'ents. 

Some crudes are available which have remarkably little odor, and when processed 
have greatly decreased “permanent set,” excellent water and good high octane 
gasoline resistance, and good low-temperature flexibility. 


INHIBITORS AND PASSIVATORS 
G. G. ElDHEDGE* and J. C. WARNZRt 

DEFINITIONS AND MECHANISM 

iVny substance which when added in small amounts to the corrosive environment of a 
metal or an alloy effectively decrea-ses the corrosion rate is called an inhibitor. The various 
ways in which an inhibitor may function to decrease the corrosion rate may best be 
understood bj' considering the conditions for the stcadj' state or limiting corrosion rate, 
i.e., the condition that the energ}’ decrea.'-e in the corrosion process shall be equal to the 
sum of the energies di.ssipated in the various parts of the electrochemical system. If 
the energy decrease in the corrosion reaction and the various energies dissipated in the 
proces.s are converted into potentials (AF’ji = —NFEji, etc., where aF' is the change in 
free energy, N the number of equivalents taking part in the reaction, F the Faraday, and 
E the potential), the equation for the stead}' state corrosion rate may be written 

Er = Ejl -r Ec + Ejp.i -j- E 1 lie 

reversible electromotive force of the couple. 

total polarization at the anode area-s, which is the sum of (1) concentra- 
tion polarization at the anode, (2) a possible anodic oveiamltage due to 
some .slow process in the overall anodic reaction, and (3) the IR drop 
through films which may cover the anode surface. 

* SheT! Development Co., Emer>’viJIe, California. 

t Department of Cheniiitry, Carnegie Institute of Technology. Pittsburgh, Pa. 

^ P,. B. Ivcighou and J. C. Warner, Oj-mis'.ry of Ensinerring ilalr-HoU, 4th Ed., pp. 424-425, McGraw- 
HiU Book Co.. Ine., Nc-.v York, 1952. 

* J. C. Warne.', Tran;, El'ctro'hrm. Soc., 83, 328 (1943). 


where E’n = 
Ea = 
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Ec ~ total polarization at the cathcxle areas, which is the sum of (1) concen- 
tration polarization, P) cathodic overvoltage, and (3) the IR drop 
through films 

EiRi = 7i?, = current flowing X resistance of electrol 3 ite between cathode and anode 
areas 

EjRt = IRe = current flowing X resistance of the metal between cathode and anode 
areas This resistance, ft, ordinarily is very small, hence Eir, may be 
neglected m most cases 

It IS important to note that all the dissipative terms making up the right-hand side of 
the above equation are functions ol the current density This fact and the significance of 
the limiting corrosion rate are illustrated in Fig 1 

If the major dissipative term is Ba, the corrosion process is said to be under anodic 
control If, on the other hand, Ec is the major term, the process is under cathodic control * 
Inhibitors function by increasing the magni- 
tude of one or more of these dissipative or 
irreversible effects They usually have little 
effect on Eirx If the addition of a substance 
to the environment serves to increase Ea it 
IS known as an anodic inhibitor Cathodic 
inhibitors, on the other hand, are those 
which increase the magnitude of Ec These 
effects are illustrated schematically in Fig 
2, where the solid hoes represent possible 
anodic and cathodic polarization curves in 
the absence of inhibitors and the dotted lines 
repte«ent the corresponding curves in the 
presence of anodic and cathodic inhibitors 
In this illustration the process in tlic abaence 
of inhibitors is under cathodic control for the 
most part, but it is esidcnt that an anodic inhibitor might bring the process under 
mixed or anodic control, depending upon the effectiveness of the inhibitor 

PROPERTIES 

ExaJIPLES of IXlnBITORS 

Additions of soluble hjdroxides chromate--, pho phate^, silicate", and carbonates 
to decrease the corrosion rate of iron and other metaL m aqueous media ser%e as 
examples of anodic inhibition The e sub»tancea increa'e anodic polarization, probably 
bj helping to form or to keep m repair a protective film on the metal "iirface 

The addition of magnesium, zinc or nickel salto will decrease the corrosion rate of 
iron and steel under condition* of partial immer ion by serving a» cathodic inhibitors 
At the cathodic areas near the water Ime the alkalinity i-, incroa.ed as oxygen is 
reduced, leading to a precipitation of MgfOHIs, ZnfOH)", or NifOH)" over the 
cathodic "urface as a more or le--* adherent porou* deposit To reach the cathodic 
surface, oxygen rauot diffuse through these depo&its, and its rate of arrival lo therefore 
decrea*ed 

Calcium "alts may act as cathodic inhiouors in waters containing CO 2 by means 
of the precipitation of calcium carbonate on or near the cathodic areas where the 
pH is high enough to give a sufficient carbonate ion concentration Those organic 
* Types of control are discussed la Fundamenlot Behanor of Calvanto Couples p 4S6 
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substances which decrease the rate of acid attack on metals in such processes ns 
pickling probably constitute another important class of cathodic inhibitors. They 
are discussed in more detail in a later paragraph. 



Fio. 2. Influence of Inhibitors on Polarization. 

Inhibitors useful for corrosive media in contact with magnesium are described 
under Magnesium and Magnesmm Alloys, pp. 241-242. 

It must be emphasized that the successful use of inhibitors frequently requires 
considerable knowledge of their action and a thorough understanding of the corrosion 
proces.s in the system under consideration. Substances that ma 3 ^ successfullj" decrease 
the rate of attack on a metal, or practicallj' stop it ontiielj' in one environment, maj' 
in another environment stimulate corrosion. In still other environments the inhibitor, 
although dccrea.dng the overall corrosion rate, maj’' bring about an increase in the 
inlcnsiij" of attack at restricted anodic areas, leading to pitting and rapid perforation. 

Although oxj’gcn usuallj' acts as a stimulator of corrosion, it may in some circum- 
stances act as an inhibitor bj' helping to keep films in repair. It has been shown-"* that 
the higher the oxygen concentration at a metal surface, the lower the probabilitj^ of 
attack on iron or steel. However, once weak points are attacked, the rate of attack 
will be stimulated bj' increasing the oxj'gen concentration. 

S.A.rE AND Dangerous Inhibitors 

The prevention of localized corrosion or pitting is obviously equally important 
in bringing about a decrease in the overall corrosion rate. Failures rarelj' are due to 
moderate corrosion spread over large areas; they usuallj^ result from intense attack 
on small, localized areas leading to pitting and early perforation. For this reason, 
one must consider the influence of an inhibitor on the area attacked of equal impor- 
tance with its influence upon the overall corrosion rate. Inhibitors that may increa-se 
the intensity of attack are classed ns dangerous. In general, intensification of attack 
results when the anodic areas are veiy small. This situation frequentl}" results when 
an insufficient concentration of an anodic inhibitor is added to a .s 3 -stem in which the 
corrosion procei=s is under cathodic control. For example, the addition of insufficient 

^ U. R. Evatii and R. B. Mc-.vrr. ."roc. l{o;/. S«c. {X), 145, 104 <1034); Trails. Farmin’/ Sac., 31, .jOT (1030). 
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chromate to stifle completely otjgen type corrosion of iron steel zinc and aluminum 
has been «bown to cau e «enoua inten’^ification of the attack The use of st II larger 
amounts of chromates m th&-e ca«e» usually will bring the proce-o under anodic 
control and gne complete protection It is important to mention that the amount 
of chromate ncce-sarj to eliminate pitting and give protection will depend upon the 
concentration of auch ions as «ulfate and particularly chloride m the aqueous medium 
The e tons interfere vMth tl e formation, of pa^ ivatmg films on the metal 

In general the concentration of a given inhibitor needed to give protection will 
depend upon a number of factors such a* composition of the env ironment tempera 
ture velocitj of the hquid environment past the metal the presence or absence in 
the metal of internallj or eAtemallj applied stresses the compo ition of the metal 
and the presence or ab ence of contact with di similar metaU 
Whether a given inhibitor 13 dangeiou afe contractive or safe expansive •* 
for a given metal in a given environment mas he determined b> experiments 
mvohing pertinent measurements on the extent location and intemity of corrosive 
attack aa a function of inhibitor concentration 
It should be empha ized that intensification of attack maj occur for reasons other 
than the u^e of an in-ufiicieDt concentration of a dangeroua inhibitor Thu» small 
anodic areas and intensification of attack ma> develop under locce scale under 
depo-its of foreign matter in crevices and m similar locations relatively inacceasble 
to inhibitor or to oxygen* 



Some inhibitor when added to the enxiTonment of a metal or alloy appreciably 
change the electrochemical potential to a more cathodic or noble value ° Such 
inhi bitors are called passix^ators Cathodic inhibitors are not hkelv to serve aa 
passivators but anodic inhibitor^ frequently do Thus iron will stay bright ndefinitely 
m water to which sufficient chromate has been added hether or not a sub tance 
will act a» a passtv ator os well a. the concentration of the subatance needed to induce 
pas«iuty depends upon the nature of the metal or alloy the other coiLtituents of 
the environment the temperature and probably upon still other variables For 
example higher concentrations of chromate are necessary to induce pa^smty m 
iron in solutions containing chlorides than are necessary in their absence 
Theories* of passivity and pas>.ivaton> are dfc>euiK>ed ekewbere in this Handbook 
'i. "LW 


AFPLICATIONS 


INHIBITORS IN Acid Pickung 

To prepare properly the surface of iron and steel for galv anizing tmmng enameling 
electroplating etc it is neces ary to remove the scale that is formed in the hot 
working operations The usual method for scale remov al is acid pickhng In recent 

• Attack occurs predom nantly at areas relati ely oaccess b!e to the tuhib lor because an nhib tor like 
pota.*! 'um chmmaVe is consumed st s al^bt but de&n te rate a contact with metals I( not cons antly 
renewed by d ffusjon the nhib tor u used up at these areas shich then become anodic to a large cathodic 
area n contact with ample amoun s of inhib tor P tting takes place at the naccesa b!e area in accord s th 
a mechanism descr bed for pass e metals and alloys. See P 1 no tn StatnUas SUfls and 0 her Fatstt* 

p iGo ErrroR 

♦ U R. Ev ans Tram Elect ochem Soe 69 213 (1936) See especially R B Xlears discuss on of this 
paper 

s B. M Burns J AppJ ed Phjt 8 39S (1937) 
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years, organic-type inhibitors have been quite universally used to decrease acid attack 
on the basis metal, without appreciably altering the rate of scale removal. 

The rate of acid attack on the ba.sis metal is undoubtedly controlled by cathodic 
polarization attending hydrogen evolution. It is believed<’-'-®>3-i'’>ii that inhibitors 
function in this ca.se by being ad.sorbed on the metal surface to form a fairly well- 
organized and oriented film which serves to increase the polarization for lij’drogen 
evolution by increasing the hydrogen overvoltage, concentration polarization, or by 
introducing a high transfer resistance between the solution and the metal surface. 

Many organic substances have been shown to possess inhibiting properties. A list 
of 112 organic substances found by Mann and others to have at Jea.st 50% protection 
(defined below) is given in Table 1. Some of these data have been published 
previously.®-® The conditions of the tests were all the same. Weight losses of cold- 
rolled steel specimens (about 0.12 X 0.75 X 0.75 in.) (0.3 X 1.9 X 1.9 cm) with 
ground surfaces in IN (4.9%) sulfuric acid at 25° C (77° F) w’cre measured with 
and without various amounts of inhibitor.® After 48 hours in 250 ml of acid, the 
percentage protection P was calculated from the overall rate of attack in grams per 
square centimeter per hour. 

^ (Rate uninhibited — Rate inhibited) ^ 

Rate uninhibited 

Table 2 is a list of the substances tried in these same tests that in no case gave 
50% protection. , 

These tables should not be used alone to determine the value of an inhibitor, since 
some of the inhibitors were erratic in individual tests or have other disadvantages. 
In the selection of the most suitable inhibitors for a given purpose, onl}' plant trials 
will give the final answer. Others^^ have proposed laboratory tests, somewhat closer 
to plant pickling practice, that may bo used further to select a few inhibitors worthy 
of a plant scale lest. The properties desired in an inhibitor have been summarized 
by Warner.i® 

It seems evident that an organic pickling inhibitor must consist of a hydrocarbon 
part attached to a polar or ionizable group. In general, they contain nitrogen, oxygen, 
sulfur, or other elements in the fifth and sixth groups of the Periodic Table and are 
compounds such as amines, mercaptans, heterocyclic nitrogen compounds, substituted 
ureas and thioureas, sulfides, aldehydes, etc. The inhibitor may be truly soluble in 
the pickling acid or may be colloidally dispersed (gelatin and glue). S 3 'stcmatic 
studies'>2.^-‘.i®.i® on the relation between structure and effectiveness should be con- 
sulted bj^ the reader interested in the subject. 

Effect of Inhibitor Concentration, The percentage protection generallj' increases 
with the concentration of pickling inhibitor. However, the rate of increase continually 
falls off, and the protection appears to approach 100% protection asymptotically. 

’’E. E. Chappell, B. E. Iloethcli, and B. Y. McCarthy- nd. Eng. Clicm., 20, 582 (1928). 

^ .1. C. Warner, Trans. Ekctrochcm. Soc., 66, 287 (1929). 

® C. A. M,ann, Trans, Elcctrochem. Soc., 69, 115-129 (193G). 

° C. A. Mann, B, E. I.niier, and C. T. Hultin, Ind. Eng. Chem., 28, 159, 1048 (19.30). 

J. C. Warner, Metal Cleaning and Finishing, 10, 104 (1938). 

U. M. Burns, J. Applied Phgs., 8, 398 (1937). For a eupplementary point of view, bcc H H Uhlic 
Ind. Eng. Chern., 32, 1493 (1940). 

“ H. P. Muncer, Trans. Eleelrochcm. Soc., 69, 85 (1930). 

.1. C. Warner, MeJal Cleaning and Finithivg, 10, 104 (1938). 

C. A. Mann, loc. cil. 

C. A. Mann, B. E. l.auer, and C. T. Ilultin, loc. cil. 

F. 11. Bhodes and W. E. Kuhn, Ind. Eng. Chem., 21, lOGG (1929). 
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Table 1 A LIST OF INHIBITORS FOR STEEL* IN SULFURIC ACID IN 
THE APPROXIMATE ORDER OF DECREASING EFFECTI\XNESS 
The Tests \\ ere Run 4b Hours at 25® C (77* F) tii 4 9% Acid in Stoppered Bottles or 
Oi^ered Beakers 




1 % of Inhibitor at 

Inhibitor 



Patat 




90 



1 Butjl sulfide 

E 

0 003 


2 o-Toljllhiourea 

E 

0 D034 


3 p-Toljlthiourea 

E 

0 0046 


4 Butyl disulfide 

£ 

0 0030 


0 Amyl mercaptan 

E 

0 006 


6 Ethyl selenlde 

E 

0 0002 


7 Propyl sulfide 

E 

0 009 


8 Pheojlthioorea 

E 

0 009 


9 Comniercial inhibitor 

E 

0 01 


10 Butyl methyl sulfide 

E 

0 01 


11 Thiourea 

E 

0 oil 


12 Butyl mereaptaa 

E 

0 oil 


13 jy-Thioeresol 

E 

0 015 


14 v>Butyl mercaptan 

E 

0 OIS 


lo. Triamyl anuna 

& 

0 023 


16. m Tbiocresol 

E 

0 02Q 


17 Tnhexyl anune 

tc 

0 027 


18 Ethyl sulfide 

E 

0 027 


19 ^ aleropbenone 

C 

0 028 


20 2 Tbionaphthol 

E 

0 032 


21 o-Thiocresol i 

E 

0 Oal 


22 Propyl mercaptan 

£ 

0 061 


23 Methyl sulfide 1 

£ 

0 0u2 


24 Crotonaldehyde 

C 

0 070 


25. Aldol (2 OH Butraldehyde) 

C 

0 070 


26 PbeDylffiorpbohne 

U 

0 OCO 

0 on 

27 Formaldehyde 

c 


0 012 

28 Ethyl mercaptan 

29 Commercial netting agent (alkylated papbtbaleneeodium 

E 

0 093 1 

0 OU 

euUonate) 

E 

0 1 


30 o-ToIualdehyde 

C 

0 12 

0 014 

31 m Tolualdehyde 

C 

0 12 

0 014 

32 p-Tolualdeby de 

c 

0 12 

0 014 

33. Phorone (MeiC CHljCO 

c 



34 m Butylanilioe 




3o Butrophenone 

c 



36 Thiophenol 




37 Propionaldehy d 


0 17 


3S Dibutylanilioe 









c 



41 Diainyl amine 

s 

0 17 


42 Commercial wetting agent (suUoratednuneralml) 

E 

0 3S 


43 Dicjclohexyl amine 



u uIj 

44 Aeetalydehydo 




4o. Ethanol morpholine 



u iAj 

46. Propy 1 disulfide 



0 051 

0 0o3 

0 054 

47 a-Naphthyl amine 

4S Diheryl amine 

49 Propiophenone 

uc 

c 

0 13 

iO Phenylhydrarioe 
al Tripropyl amine 

s 

0 72 

0 0o7 
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Table 1. A LIST OF INHIBITORS FOR STEEL* IN SULFURIC ACID IN THE 
APPROXIMATE ORDER OF DECREASING EFFECTIVENESS — Con/irn<«i 


Inhibitor 

Source of 
Dataf 

Wt. % of Inhibitor at 

I Protection of 


90% 

50% 

52. Butraldehydc 

C 

0.32 

0.058 

53. lienzaldehyde 

c 

0.19 

0.004 

54. Morpholine 

u 


0.072 

o5. Cyclohexanone 

c 

0.24 

0.070 

5G. Commercial wetting agent (aromatic sulfonate) 

E 


O.OS 

57. Butyl euifono 

E 

0.41 

O.OS2 

58. Dimethyl amine 

L 

0.04 


59. Diethi'laniline 

L 

1.0 


GO. Acetophenone 

C 

0.29 


Gl. 7 >-Thiocrcaol 

E 

0.50 


02. o-Toluidi,ne 

L 



03. Dibutyl atirine 

S 

3.0 

0.11 

04. Valcrone (dM-butyl ketone) 

c 


■ssh 

Go. Anthraquinone ^-sulfonic acid 

c 



00. 0 -Xylidine 

L 

0.78 


G7. /-Butyl mercaptan 

E 

.... 


GS. Dipropyl ketone 

C 


0.15 

09. Propylanilinc 

E 

1.2 

0.155 

70. 3-Butylpyridine 

U 


0.16 

71. Amyl methyl ketone 

C 

1.5 

0.17 

72. Quinoline 

L 


O.IS 

73. Butidine 

L 

1.7 

0.18 

74, Commercial wetting agent (alcohol sulfate, from n-octyl 
alcohol) 

E 

0.4 

0.2 

75. Commercial inhibitor 

E 

0.4 


70. Ethylmethylanilino 

E 

2.5 

0.21 

77. Acetonylacetone 

C 


0.23 

78. Acridine 

L 

.... 

0.23 

79- Commercial wetting agent (alkyl sodium sulfonate) 

E 


0.25 

so. Triethyl amine 

L 


0.29 

81. Ethyl propyl ketone 

C 


0.30 

S2. Ilcxyl amine 

UC 


0.32 

83. Melliylanilino 

L 


0.32 

84. S-Propidpyridine 

U 


0.34 

85. Commercial wetting agent (alcohol sulfate from dodccy! 
alcohol) 

E 


0 . 35 

SG. Collidene (Mc-Et-pyridine) 

E 


0.30 

87. Ethylene diamine 

I, 


0.37 

SS. Trimctbyl amine 

E 


0..3S 

89, Dipropyl atninc 

s 


0.38 

90. Commercial wetting agent (alcohol sulfate from technical 
dodecyl alcohol) 

E 


0.40 

91. Commcrci.al wetting agent (alcohol sulfate) 

E 


0.40 

92. Butyl methyl ketone 

C 


0.40 

93. I'-Butyl metliyl ketone 

C 


0.40 

94. /-Butyl methyl ketone 

C 


0.40 

95. Pinacolone 

C 

1.0 

0.40 

90. Triothanol amine 

L 

0.5 

0 5S 

97. Etliyl methyl amine 

L 

0 59 

9S. Bicoline (‘IMc-Pyridine) 

L 


O.CO 

99. 3-EtliyIpyridine 

U 


0 GO 

100. Am\l amino 

s 


n r.| 

101. Ethylaniline 

I. 


n r.f; 

102. Dimolhylanilino 

E 


0.74 

103. tn-PfoJjylaniline 



U 

2.1 

0.77 
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CORROSION PROTECTION 


Table 1 A LIST OF INHIBITORS FOR STEEL* IN SULFURIC ACID IN THE 
APPROXIMATE ORDER OF DECREASING EFFECTIVENESS — Conitnued 


Inhibitor I 

Source of . 
Datat ' 

W t. % of Inhibitor at 
Protection of 

90% 

50% 

104 Pyndine ' 

L 



lOo Cyclohexyl amine i 

UC 



106 3 5-Xylidme 

H 



107 Diethjl Icetone 

C 



103 OT Ethylaniiine 

u 


1 14 

100 p-Toluidine 

L 



110 2 6.X>lidine 

H 



111 Pbenjlene diamine 

L 


1 9 

112 m-Toluidine 

U 


1 9 


•The approzimale aBalysis of the cold roUed aterf naa C 0 !»%, Si 0 06% Ma 0 4%, and P 0 0i>% 
The surface t^aa ground before testing 

t The laitiala L, H, S C, or £ in the table refer to the thesee of D £ Lauer 1931, C T Ilultia, 1934 
J T Spaciol, 1933, C Cheb 1939 or G G Eldredge, 1940 ail of the University of MinaeeotA The ab- 
breviscion ' U" refers to ucpubluhed data and UC" refers to unpublished data of C O Cluao, in the 
files ol theCheraieal Engineering Laboratory, Uiuvemty of Minneaota, made available through the courtcey 
of C A Mann who directed the tbeaia lovestigationa. 


Ta»l8 2 LIST OF SUBSTANCES TESTED AS INHIBITORS WHICH NEVER GAVE 
AS HIGH AS S0% PROTECTION IN ANY TEST 


Substance* 


Substance 

Source of 
Datat 

Fbenyl aulnde 

E 

Diphenyl amine 

11 

Ihiophene 

E 

Hydrazobenzene 

S 

Sulfanihc acid 

E 

Butyl ether 

c 

Tautiae 

E 

Methyl propyl ketone 

c 

Isethionic Acid 

E 

Propyl acetate 

c 

Commercial wetting agent 


Ethyl acetate 

C 

(alcohol sulfate) 

E 

Butyl acetate 

C 

Commercial wetting agent 


Atnyl alcohol 

c 

laico'no*! eufiate'] 

E 


w 

Urea 

E 

Acetone 

c 


E 

Methyl ethyl ketone 

c 

Tetramethyl araroomum ion 

L 

Methyl propyl ketone 

c 

Ammonium ion 

L 

Cyelopentanone 

c 

Methyl aimne 

L 

Diactyl 

C 

Ethyl amine 

L 

Acetylacetone 


n Propyl amine 

L 

BeDZoquinone 

C 


L 

Napbtboqutnone 


n-Butyl amine 

L 

Pbenonthraquinone 

C 

» Butyl amine 

L 

Dimenthyl pyrone 


Diethyl amine 

L 

Diosan 


Aniline 

L 




• The order is not significant 

tThe initials L, H S, C, orE intbetablerefettothetbesesofB E Lauer, C T Hultin, J T Spaniol, 
C Cheh, orG G Eldredge as luted in Table 1 
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Effect of Time. Inhibitor action may be expected to become less efficient with 
time if the pickling inhibitor slowly decomposes. Alquist^” found that the initially 
low rate of reaction of boiler steel with 15% hydrochloric acid, in the presence of a 
small concentration (0.5%) of several commercial inhibitore, increased with time. 
With the higher rates of reaction for less effective inhibitors, this tendency for increase 
in rate was not so noticeable. 

Inhibitors in AVater Systems 

Inhibitors are more often used for recirculating systems than for non-recirculating 
systems because of the much larger amounts needed in the latter case. (However, see 
the section on gasoline pipe lines below.) For recirculating systems made of steel, the 
American Society of Refrigerating Engineers'^ has recommended about Q2 ml of 
sodium silicate (water glass 40° Be, 3(5 to 38%) per liter of water, or more if neces- 
sarj' to keep the solution basic to phenolphthalein. Tliey also recommended 0.01% 
sodium dichromate (Na 2 Cr 207 ' 2 Il 20 ), where this toxic compound is allowable, along 
with 0.0027% caustic soda. 

Darrin has studied the use of sodium chromate for protection of steel.'® He found 
that the rate of consumption of the chromate, highest at the start, falls off with time 
for 1 to 3 months and was highest at 50 ppm and lowest at 500 ppm. (The study 
covered the range from 25 to 1000 ppm.) The consumption of> chromate increased with 
chloride content, especially in the first 10 days while the protecting film was being 
established. In a closed sj'stem a fairly high chromate content, say 500 to 1000 ppm, 
should be used since none will be lost, but in a system with losses this amount need 
be used only until films are established and then the concentration may be reduced, 
but not below 100 ppm. 

Under conditions of little circulation in low-salinity water (20 ppm each of NaCl 
and NaaSO-i) in laboratory tests, Evans"® found that 0.3% water glass, 0.4% sodium 
carbonate, 0.8% disodium phosphate, or 0.2% potassium chromate was necessary 
for the complete protection of steel. In high-salinity water (250 ppm each of NaCl 
and NaoSO-i) 0.8% water glass, 1.5% sodium carbonate, 1% disodium phosphate, or 
0.4% potassium chromate was needed. Apparently more inhibitor is needed where 
lack of circulation allows local depletion of inhibitor. 

In other Laboratory tests, in recirculated water in contact with the air,"' protection 
has been found with inhibitor concentrations of only 0.02%, although loss complete 
protection was obtained than that mentioned in the paragraph above. Sodium 
chromate (or dichromato), sodium silicate, sodium phosphate, and sodium carbonate 
were of value in that order. 

Organic chromate inhibitors, such as sodium chrome glucosate, have been found 
to be effective in industrial cooling sj'stems. 

In automobile radiator system.?, it is customary to add about 0.5% soluble oil 
(which apparently acts by providing a thin coat of oil) or 0.2% sodium chromate. 
Nitrites may also be used. 

" F. N. Alquist, unpublished work at Organic Research Laboratories, Dow Chemical Co., Midland 
Mich. 

F. N. .Speller, "Corrosion in Refrigeration Plant,” American Society of Refrigerating Engineers, Circ. 
10 (1930). See also Corrosion, Causes and Prevention, by F. N. Speller, pp. 017, 61S, McGraw-Hill Book Co., 
New York, 1935. 

Marc Darrin, Jnd. Eng. Chem., 38, 36S (1040). 

U. H. Evans, J, Soc. Chem. Ind., 46, 3.>4T (1927). 

J. n. Wilson and D. C. Groesbcck, J. Research Natl. Bur. Standards, 24, CG5 (1940). 

“ D. W. IlaerinR, Ind. Eng. C/icm., 30, 135G (193S). 
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For aluminum sjstems handlmg recirculated water 01% sodium chromate or 
dichromate or enough to keep a permanent color should be used Chromate should 
be u®ed m acidic \\ iter and dichromate in basic wateu or the waters may be neu 
tralized first In the presence of heaij metal salts such as copper or when the 
aluminum is m contact with copper bra«s lend or other metals as noble as the«e 
as much as 1% sodium dichromate should be med If a considerable content of 
chloride ions is present in addition to thes^ metal* inhibition may be unavailing 
except at low temperalure* (See below under Inhibitors for Bimetalhe Systems ) 

IvHiBiTORS IN Gasoline Pipe Lines Contuning Water 

Sodium chromate has been used m gasolme pipe lines to inhibit rust and corrosion 24 
The recommended rate of inhibitor addition u> about 1 lb per 160 000 gal of gasoline 
(079 ppm) added as a 12% solution in water The amount will depend on the amount 
of water in the gasoline which is appreciable but \ery small compared to the amount 

Sodium nitrite'’®"® is commonly used It may be added to an oil or gasoline pipe 
line at the rate of 2 to 12 lb ISaNOj per daj a* a 25 to 30% solution at each station 
and with enough sodium hydroxide to keep the pH of effluent water above 8 The 
amount depends on the water content and is regulated to gne an effluent water with 
about 1% «odium nitrite The mechanism is apparently the same a* for chromate 
(the nitrite tend* to act as an oxidizing agent and be reduced to ammonia although 
it IS cot necessarily consumed to any practical extent m functioning as an inhibitor) 

Inhibitors in Brines 

For calcium chloride brines m steel equipment the American Societj of Refriger 
ating Engineers 1 as recommended 1 $ gtams of «odium dichromate dva^CroO 2H2O) 
per liter"^ and enough sodium hydroxide to convert it to sodium chromate Twice 
as much is recommended for sodium chloride brines or calcium magnesium chloride 
brines Bhere chromates cannot be Used thev recommend 16 gram* of disodium 
phosphate (Na^HPOi I2H2O) per liter for sodium chloride brines It is stated ® 
that some ice plant* Use 2 gram* per liter The brine «houId first be neutralized with 
hydrochloric acid 

For aluminum equipment the Aluminum Research Laboratories recommends 1% 
as much codium dichromate as there is chloride ion pre'ient For a concentrated brine 
this amounts to about the 'ame quantit3 of inhibitor as wa* recommended for eteel 
sjstems above Acid or basic bnnes should be neutralized or sodium chromate used 
for acidic brines and «odium dichromate o-cd for basic brines Calcium chloride 
brines are commonly found to be ba,ic 

Inhibitors in Acid Solutions 

For acids in steel systems see the section above on acid pickling In general for 
steel the same inhibitors are effeefn e although not to the same degree for «ulfunc 
hydrochloric or for pho phone acids 

2’R,B Meare and G G Eldredge Tram Electrxkem Soc 83 403 (1943) 

54II.G Schad Proe Am PelroUum Itut 24 (1\ ) 44(1943) 

® S S Sniivh and R. K. Sclmlze Proe Am Petroleum 21 (IV) 01 (1043) 

18 ^ acNtar and S S Smith Ind Ehq CAcia 3S 3*^ (1943) 

F N Speller Corros on m Refjjgerat on "Plant Al“en*:an Soc ety of Befngeral ng Eng neera Ci c 
10(1930) See also Corrojwn Cause* and /’rewnhon by P N Speller pp 617 618 McGraw HUBookCo. 
New York 1935 

Vlarc Damn 2nd Eng Chetn 37 741 (1^5) 
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Attack of copper and copper-tin alloys by dilute sulfuric acid is inhibited by 
benzyl thiocyanate. See Table 2, p. 99. 

Aluminum in hydrochloric acid can be inhibited with inhibitors of these same types. 
In dilute (up to 20%) or concentrated phosphoric acid, the attack of aluminum may 
be very effectively inhibited by 1% of some chromate or of chromic acid. Intermediate 
concentrations may take more inhibitor. In sulfuric acid, the attack of aluminum 
i.s very difficult to inhibit. In concentrated nitric acid solutions (above 80%) inhibitors 
are not necessarj’. However, in more dilute nitric acid, corrosion of aluminum may be 
appreciable and chromates have been found to be effective.^!) In 2% HNOg, 0.05% 
ICsCroOr was effective; in 20% HNO3, 1% was effective. Between 20 and 80% HNO3, 
more chromate is apparently needed. 

Lvhibitors IN' Basic Solutions 

Basic solutions are not ordinarib' further inhibited for use with steel since, up to 
a fairly high pH value, the resistance to corrosion increases with the basicity. That is, 
the base itself is an inhibitor. However, basic solutions may be further inhibited with 
chromate or nitrite. 

In sodium carbonate good inhibition of attack of aluminum has been found^o 
for a soric.5 of sodium silicates with silica to soda ratio.? of 0.67 to 3.22. It was 
necess'ary to use about 6% as much silica as there was sodium carbonate present, 
or about 120 mg SiOo per 57 sq dm of aluminum surface. Similar results with sodium 
fluosilicate, NanSir 4 , were found in the same tests. 

Alkaline cleaners u.=cd for aluminum alloys may contain 25 to 50% sodium disilicate, 
whicli serves as an inhibitor. Toothpastes and shaving creams may also contain a few 
tenths per cent of sodium silicate added to protect aluminum flexible tube contain- 
ors.3i .Some basic liquids such as tricthanol amine, used in aluminum equipment for 
the absorption of acid gases, may be inhibited by 1% sodium metasilicate or 
scsquisilicate.‘'’2 

Inhibitors for Bimetallic Systems 

When two or more metals with distinctly different electrolytic potentials are in 
contact in an electrolyte, inhibition is much more difficult. 

Iron and Brass. No concentration of chromate will completely inhibit corrosion of 
iron in contact with brass in calcium chloride brine, but the severity of corrosion 
decreases ivith increasing amounts of chromate.-*'* The attack is not serious at 2.3 
grams per liter, and the results are fairly satisfactory at 4.6 grams per liter. 

Iron and Aluminum. Aluminum and iron couples have been found to be protected 
by 2.4 grams per liter of sodium chromate in calcium chloride brine.^-'* Without the 
chromate, aluminum protects the iron galvanically. However, in a commercial water, 
it has been found that addition of chromate transferred corrosion from aluminum 
to steel coupled to it, but did not entirely stop the attack.s-* In a calcium chloride 
brine in service at low temperatures, dichromate inhibitor has been found to be 
effective in preventing the corrosion of systems containing both aluminum and 
steel.**' 

M. A. tvhitrliousa A. Lilly, nncl G. G. EldrcdRC. unpubli-.hcd wnrk. Aluminum Reset, rcl. Laboratories 
J. F. J. Thnma.s, Canadian J. liercarch, 21. Section B, 43-53 (19-13). 

E. Blouch and H. V. Clmrcbill, U. S. Patent l.Oie.n.l (M.ay 30, 1933). 

” IL B. Meara and G. G. Eldrcdce, unpublished work. Aluminum Research Laboratories 

" Marc Darrin, Ind. Eng. Chem , 37, 741 (1945). 
li. B. Mears and G. G. Eldredge, Trans. Electrochem. Soc.. 83, 4 (1942). 
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Aluminum and Copper In laboratorj tets’** i% sodium chromate with 40 ppm 
sodium metasihcate inhibited attack of aluminum in contact with copper m 10 ppm 
sodium chloride 'olutions but not in more concentrated solutions The more basic 
Silicates, added m this, way with chromate were more effectiNe than the less ba'ic 
silicates Smaller chromate concentrations were not effects e One per cent sodium 
disilicate alone was "ometimea effect»\e as were <ome soluble oils 


TEMPORARY CORROSION PREVENTIVE COATINGS 
Slushing Compounds 
E Campbell* 

In manj industrial proces-es there are intenala between manufacture assemblj 
shipment and me of parte where cotro ion can occur which ma> impair equipment 
or completely pre^ ent ita proper functioning Corrction problems during shipment 
and field u_e became acute during World War II where apparatus was expected to 
arrne fit for immediate u^e after exposure to a raried «ct of atmospheric conditions 
The e problems baie been attacked with increasing <ucce s in recent years by the 
iL.e of non drying organic coatings readily remoiable with aiailable 'clients and 
known as slushtnff compounds 

l^liical sluahing compounds comi t of a petroleum denvatne base containing 
additnes who e mam function is to improve corroi ion protection the petroleum 
denvatue base being 'elected to provide de ired phv ical characteristics 'ueb as 
VI cosity or con.uteocy melting point pour point flash point etc They range in 
vLCOwity from liquids thinner than a light spindle oi) to 'emi-sohds haidcr than a 
heavy axle grease They are generally applied by dipping or lu hing the part in a 
liquid compound a 'olution of emi 'olid m a v olatile soh ent or a molten semKolid 


USES OF SLUSHING COMPOLNDS 


Corrck-ion problems during indoor 'torage are generally associated with the rusting 
of steel and are particularly 'enous in the manufacture of sheet «teel ball bearings 
and preci ion instrument Prevention of corrOwion or tamL.h of other metals such as 
brass or silver is 'omctimes of equal importance as for example where electrical 
contacts mu-t be maintained at a low contact re®i tance Since the general principles 
followed in improving the rmt preventive qualities of 'lushing compounds for 'teel 
apply also to other metals this chapter will be confined to a ducus ion of compounds 
Used for the prev ention of rust 

Slushing compounds are employed for outdoor u e when it is not feasible or 
economical to u^e methods providing more pennanent protection Examples are 
gears chains and cables on cranes or hoists exposed bearings farm and construction 
equipment and an enormous list of parts and mechanv-ms m use by the Army 
and Navy ^ 

Frequently 'lu hing compounds are requited to 'er\e as lubricants This is true 
of compounds for protecting gears and beann^ on faouts and of oils for use in 
internal combustion engines or for use on mechanisms of guns or torpedoes They 


• Bell Telephone Laboratories Murray lIiD N J 


® See also Marc Damn Second Annual yFater Conference Engineers Soe ety oi Western PewisvlTama. 

33 1941 

^ Arm j Serrtee Force) Manual M 406 U S GoremmeDt IVint ng Office 1944 
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may serve in a dual corrosion-prevention capacit3', as in the case of airplane engines, 
where the3'' protect against rusting in transit or against corrosion catab’zed b3' fuel 
combustion residues." Although the problem of corrosion in steam turbines is 
different in man3' ■wa3’s from that of atmospheric corrosion, some of the additives 
which have been successful for slushing compounds have improved the rust-preventing 
qualities of turbine oils.^ Man3' further examples of slushing compound uses are 
given in the literature.^.’^i^ 

TYPES OF CORROSION TO BE PREVENTED 

Corrosion prevented by slushing compounds is of atmospheric origin and is caused 
basically b3^ ox3'gen and water. Ox3'gen is alwa3's present so that the principal rate- 
determining factor is the concentration of water. There would be practically no 
problem in the absence of moisture, for corrosion of iron is not generall3^ severe until 
a relative humidity of 50 % is exceeded.^ The principal requirement for rapid corro- 
sion is the presence on the surface of liquid water or of h3’groscopic material in a 
humid atmosphere. 

Perhaps the most important additional accelerator of corrosion, particularly in the 
manufacture of precision parts such as ball bearings, is perspiration residue deposited 
during handling. Here chloride ion in the residue is the main accelerating agent, 
although fatt3' acids are also a factor. Additives for slushing compounds claiming to 
prevent corrosion due to perspiration residues are ammonia derivatives for acid 
neutralization, compounds such as lead soaps, which reduce the chloride ion con- 
centration, and emulsions containing up to 10 % of water. It is believed b3’^ some'^ 
that there is no product, which, when used in films thin enough to permit inspection 
and gaging of parts, will do more than delay the development of rust on finger- 
printed parts in high humidity. It therefore becomes of prime importance to avoid 
finger printing during handling, or to remove the contaminating deposits before 
application of the rust preventive. A wash of 95 % methanol is frequently used to 
remove finger prints, but it is not entirely effective and is objectionable from the 
standpoints of toxicity and fire hazard. 

Other accelerators of corrosion in high humidit3' are atmospheric contaminants such 
as sulfur dioxide, ammonium sulfate, coke particles, dust, and salt spra3^ These can 
best be combatted by the use of a semi-solid rust preventive. Frequentl3" corrosion 
is due to contaminants deposited during fabrication such as mill scale, slag inclusions, 
abrasives, or cutting compounds. These contaminants should be thoroughly removed 
before the addition of slushing compound. The Texas Compan3’- has discussed corro- 
sion causes and has given photographic examples.® 

TYPES OF SLUSHING COMPOUNDS 

There are three main classes of compounds on a viscosit3' basis: ( 1 ) solvent t3’pcs, 
which generally consist of a soft semi-solid dissolved in mineral spirits, ( 2 ) rust- 
inhibited oils, and ( 3 ) semi-solids. The oils are not reliable rust preventives, e.xcept 

^ Standard Oil Company of X. J., The Lamp, 26, 17 (1943). 

’ N". B. Wilson, G. 11. von Fuchs, and K. R. Ediund, Power, 85, CD (1941). 

* The Texas Co., Lubrication, 29 (No. 7), 09 (1943). 

^ Penola, Ino., Inibcleit, D 239-J G, 1940. 

* W. H. J. Vernon, Trans. Faratlay Soc., 31, 1078 (1935). 

‘ C II. Gillette, New Departure Division, General Motors Co., paper presented at A. S. M. E. Con- 
ference, Davenport, Iowa, April, 1943. 

® The Texas Co., loc. eft. 
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posSiblj for \ er) 'hort term indoor protection Unless an oil la needed for lubricaf]ni» 
purpo a eemi-sobd film 'hould be iteed The «emi ol da range in consiatencj from 
that of a \erj «oft petrolatum (penetration number < 300) to hard waxy matenaL 
u.ed for outdoor protection (penetration number > 150) 

Until recentlj 'liL-hing compounds consisted largelj of 'traight petroleum oils 
or petrolatums of \arjjng msco itj sometimes compounded with small amounts of 
agents such as ro^in a phalt fatlj acid^ and fatt> acid e^ter® or metallic soaps 
Animal and a egetable fats were aLo 'sometimes u ed for the ba^e compound but the 
onl 5 compound m this class which ehow anj out.tanding merit are lanolin dern ed 
from wool fat and epermaceti wax den\ed from «perm oil Lanolm is «liU commonlj 
and effect!' eh lued® but is now general!} mixed m high concentration with impro'ed 
compound- of pcti oleum origin 

As a clas- straight petroleum compounds are but fair ru t prei entn es them 
efficiencj depending raamlj on prexcnting diffu-ion of water to the metal surface 
High M co-iti or 'lemi 'olid petrolatums thus afford limited protection for indoor 
u.e and the heai} petrolatum are effective m xerj thick, coatings C’s-' to U m) for 
outdoor expo-ure but m all ca.es protection can be very greatl} increa-ed b} the 
addition of 'uitable corraion inhibitors to the petrolatum xehicle 
Man} of the mo t effective additive compounds are to be found in the class of 
alkali and alkaline earth metal salts of «u)foDa(ed petroleum dernatnes Metallic 
«oapa are common additive^ as are long chain fatt} acids and their denvatnes Lead 
coapa and other lead organic deniatives are frequent]} used and zinc naphthenate 
L, claimed to prevent corrosion b} deerea-ing mouture penetration^® Oxidation 
products of petroleum rc-idue con i Img of mixtures of e-ters ketones lactones 
laeto-ketone and aldebides (alketones) or their lead dernatnes (paralketone ) are 
the ba-es of man} compound. A«pball ba.e <ohcnt (>116 compounds are m common 
u-e for long time indoor and limited outdoor protection ” 

In te ts carried out m the Bell Telephone Laboratones in 90e« relative humidit} 
at 3a* C (9o° F) on a large number of chemicall} pure organic liquids including 
e ter» «uch a phthaiatcs pho-phites tartrates citrates monoh>dnc alcohol esters 
of straight chain fatt} acids gIvcoL long chain ketones and ethers none was fo ind 
to give adequate protection and man} appeared to accelerate corro-ion Aluminum 
calcium •'odium and lead «oap grea Cs were not effective Lanolin or lanolin added 
to petrolatum was effectiv e but appeared to «tain the steel shghti} probabij became 
of the pre ence of acidic con tituents or «ulfur compounds Spennaceti wax showed 
«orae merit as an additive The addition of ro-m and of crepe rubber in 'mall quanti 
lie- improved protection On expocure to light ro-in forms a gumm} film that is 
difficult to remove hence compounds containing ro m "hould not be emplo}ed on 
fine mechani m particular!} if lubricating action is al o required 

Man} of the compounds in the patent hterature contain inorganic inhibitors such 
as chromates The v alue of the-e additives his been, questioned i” and this \ lew was 
borne out m the abov e series of tfc-t- 

Organic inhibitors «uch as are emplojed as ru-t preventive additives to water al o 
appear frequenti} m the patent literature either alone or m combination with 
surface-active agent as additives for slu-hiog compounds Tvpical compounds arc 
arjl amines amine soaps phenol derivatives quinones organic pho-phoru- and 
* C Jalieman En^nemna 120 1'’^ (IS’o) Specml Hepert 12 D*paitTDeiil CpI Smmu fic and loduamv! 
Pe«“arcli Engineenog Re«earch IL M «UI onery Office 19^»9 

M V Borodul n and V N Nemcb nova. J Cktm Ind (P S S /f ) H I 08 (1937) 15 48 (193S) 
Wj R C Boyer Corronon and Vatmal Protect an Z (So 21 7 (I94o) 

V- P H. Waller and L L "teele U S Bureaa of ^^toodards Tech Paper 176 (October lO’O) 
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sulfur compounds. These additives may .serve more than one purpose. Amino com- 
pounds, for example, ma 3 " act as corrosion inhibitors, oxidation inhibitors, or as 
neutralizing media for perspiration or other acids. Lead soaps or leaded compounds 
may function as corro.sion inhibitors or as agents for improving the lubricating 
characteristics of the oil. 


THEORY 

The mechanism wherebj' additives act is not fullj'- understood, and there is little in 
the published literature on the subject. However, certain general principles can be 
stated. The usual practice is to incorporate in a petroleum derivative certain surface- 
active ingredients. These ingredients adsorb more strongly on the metal surface than 
does water, forming a close-packed, oriented laj’er through which water has difficidty 
in dilTusing, and which it cannot displace. The surface-active agent iisualb'^ consists 
of a long-chain molecule having a polar group at one end. The adsorbed film on the 
metal is probablj' onlj^ a few molecular l.aj’ers thick. With many compounds, the free 
molecules outside the adsorbed film bind excess water which penetrates the outer 
Ia5'er3 of the coating, forming a creamy emulsion. In this manner a semi-rigid struc- 
ture of fine droplets is formed, each consisting of a laj'cr of polar molecules in an 
oil phase surrounding a water droplet. The polar compounds are oriented with their 
hydrophobic hydrocarbon tails extending outward, so that on continued exposure to 
water a semi-rigid close-packed structure is built up which ma}’’ have many times the 
thickness of the applied film. This emulsified film has marked water-repellent 
qualities and offers high resistance to diffusion of water and oxygen. In some cases, 
protection is provided by a thin chemically combined or chemisorbed film which 
prevents access of corrosive ions to the surface. In other cases, adsorption of the film 
may take place preferentially on cathode areas, thus preventing electrochemical 

action.^3 


PREPARATION OF SURFACE FOR TREATMENT 

The importance of thorough^’- cleaning parts before application of a rust preventive 
cannot be too stronglj^ stressed. The best compound maj" be rendered valueless if 
applied over a dirtj^ surfaco.i'A'’ 

The choice of cleaners and cleaning method depends on the nature and complexitj' 
of the part and on the nature of the contaminants. Details of the methods have been 
given excellent treatment.^'* The principal methods used are: 

1. Solvent immersion and brush cleaning. 

2. Solvent spraj" cleaning. 

3. Solvent vapor degreasing. 

4. Hot soluble oil emulsion cleaning. 

.5. Alkaline immersion cleaning. 

G. Alkaline .'^praa' cleaning. 

7. Alkaline clectrocleaning. 

5. Emulsified solvent spraj' cleaning. 

9. Emulsified solvent soak cleaning. 

10. Methanol wash. 

II. P. Muncor, Trans. FAcctrochan. Soc., 69, Sj (1930). 

.Inn;/ Srrrirr Fnrci-.s Manual, M ‘100, U. S. Government Printine OfTicc, 191-1 
^■*11. .Styri, Trans. Flcctrochcm. Foe., 40, SI (1921). 
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Doing of the parts roa-v be earned out by a dried filtered air blast or bj o\en 
treattnenl In special case* vacuum o\eii drjmg is u«ed 

Methoeb u od in ball bearing manufacture where the slightest trace of ruat is 
intolerable maj be taken a» a typical example The procedure Uaed is brieflj 
aikaiine spra> cleaning iiater riiue soluble oil emuJ»ion cleaning and hot a r blast 
drjing For chart times between Operations the oil left from the emuUion treatment 
pro\ idcs sufficient protection otherwise a semi-solid soh ent t> pe slu hing compound 
1 Used Gloi 03 are ii.ed for handling whenever poa ible but when thi* is imposs ble 
handling is followed bj emulsion cleaning or b 3 a methanol wash The initial cleaning 
ejcle follows the last operation and -a semi-oohd slushing compound is added imme 
diatei> after drying for storage before packaging 


METHODS OF APPLICATION 

Although man> parts are protected bj shaking or dipping this i* not always 
poj^jble and roanj other methods are in common use^*’ They are 

1 Spraj ing or fo^mg 

2 Brushing 

3 Flow coating 

4 Tumbling with inert material «oaked in compound 

5 Swabbing with compound «oaked cloth 

The most important comiderations regarding application are that the surface is 
thoroughly cleaned before! and and that the compound is applied as «oon as povible 
after the drying «tep Application bj dipping i» preferable for ina.t u-es because the 
film Is more likelj to be unilorm *9 Parts «hould not be left immersed m an oil type 
compound particulaily m a humid atmosphere For reasons not clearh understood 
breakdown of addtnes and ru-tmg of the part are likelj under thee cond tions 
I' hen application u made b> dipping m a molten emt-sohd the pait should be 
immersed long enough for the entiie object to come to the temperature of the melt 
or too thick a film lacking lo adhenon ina> be applied Too Jong an mmer ion may 
produce too thin a film Table 1 gives an idea of the variation m thicJcne's of film 
obtainable bj immersion lO a molten semi-sohd compound with variation m 
temperature of the bath and time of immer ion**'! 


Table 1 TH^CK^E^ OF SLUSHING COMPOUND FILM ON ^ INCH 
STEEL PLATE 


Temperature of Rustproof I 

Compound Bath I 

Temp of Plate 25’C(77'F) 30*C(8o“F) 

limnere oa T me 1 see 30 sec 

•c 

•f 

6o ' 

ISO 

39 m is 7 rnda 

SO 1 

17i> 

19 5 

9o 1 

200 

16 4 

lOo 

' 22^ 

IS 4 

123 

2o0 

IS 3 


Armv Serttee Forees Wanuaf M 4<16 U S Gav«rameat Pn t ns Office I<?M 
” The Texas Co Lubruat on 29 (No 7) 69 (1943) 

^^Penola Inc L holer! D 239-J f 1940 

Jakemati Engineering 120 I"! (192a) Specuil Repo I f' Department of Sc ent fic and Industnsl 
Research Eng neenn^ Ilesearch H M Stat onery Office 19^ 

*0 The Texas Co loe evt 
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For effective rust prevention using the best type of semi-solid compound, the film 
thickness should lie between 5 and 50 mils for the softer compounds, and between 50 
and 120 mils for the harder, high-melting grades, the thickness actually employed 
depending on the use and the type of protection required. Films applied from solvent- 
type compounds and used for indoor protection are generally relatively thin, the 
thickness ranging from 2 to 8 mils. 

SELECTION AND TESTING 

There is no generally applicable slushing compound. Selection must depend on the 
jw^perties and functions of both the compound and the part to bo protected. The 

following properties should be taken into consideration :2i|22, 23,24 

1. Corrosion-preventive ability. 

2. Chemical inertness towards metal part. 

3. Chemical and physical stability. 

4. Ease of application and removal. 

5. Characteristics of film on part. 

6. Fluidit3^ 

7. Adhesiveness. 

8. Inflammability. 

9. Availability and cost. 

In addition to the properties of the material to be tested, the nature of the pack- 
aging over the preservative must be considered. 

The best test of corrosion protection is a service tost, but this is often difficult 
or impossible to perform, so that accelerated simulated service tests have been 
commonly used for development of efficient rust preventives. The most common 
type of test consists in suspending treated specimens in a thermostat or humidity 
cabinet through which air is circulated at 38° C (100° F) and which is maintained 
at 100% relative humidity 27, 28 (See High Humidity and Condensation Tests, 
p. 1006.) In the ideal case, the temperature control should be such as to maintain 
continuouslj'- a condensed film on the surface but to avoid excessive condensation 
which will result in washing over the specimen. In practice this is difficult to achieve, 
but it appears that operation giving too much condensation is le.-4s likely to caase 
poor reproducibilitj' than operation with undersaturation. The specimens are inspected 
visually at regular periods for the development of rust spots. Thorough and repro- 
ducible cleaning of the specimen is veiy important. The film should be of repro- 
ducible thickness, and where solvent-tj’pe compounds are used the solvent should be 
given adequate time to evaporate. 

Another comraonlj" used test is the well-known Salt-Spray Test,* although it is 
not applicable to the evaluation of flviid or soft-film coatings. 

For testing coatings to be used outdoors, the above-mentioned cabinets providing 

• For description of Salt-Spray Test, sec p. 970. 

.‘Ir/ijy Service Forces Manual, !M 400, U. S. Government Printing O/Kce, 1944. 

“ U. S. Army Spec. 2-12G, March lo, 194G. 

^ U. S. Army Spec. 2-120, March 25, 1944; AXSG73. rc\nsion 2, October 23, 1945. U. S. Army Spec, 
2-122^ December 4, 1944. AXSIOOI, June 14, 1943. 

*' U. S. Army Spec. 2-S4B, Xov. 12, 1941; 2-S2C, May 14, 1940. 

^ Anny-Xa^*J• Spec. AX-H-31, April 2, 194.). 

Ponola, Inc., Luhctrjt, D 239-J 0, 1940. 

F. Todd, IntL Eng. Chem, (Anal. Ed.), 16, 394 (1944). 

II. Pray and 3. E. GrcRR, Proc. Am, Soc. 7'esting Materials, 41, 75S (1941), 
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for alternate condensation and drjing are Another u e/ul te t n> one m irhich 
the specimens are expcbed for frequent short periods to a warm water spray^s to 
simulate the action of ram Intereotingly enough, coatings which maj bon up well 
in this test maj show up poorly m Uie humidity cabinet test, indicating that both 
tests arc ad\ Ubable for outdoor type compound:) 

The weatherometer ^ a cabinet m which the specimens are exposed to cycles of 
humiditj watei 'praj, and ultraiiolet hght, is commonly uoed for testing outdoor- 
tj-pe compound^ 

The h>drobrotnic acid is where compounds are expected to protect 

against corro ion m airplane engines, but i» not considered to bear much relation 
to ser\ ice 

There is comiderable difference of opinion as to the relatne merits of \anous 
testing procedures Humidity cabinet tests are difficult to reproduce from one Jabora- 
torj to another and conelation with seriice testa is often poor or is entirelj lacking 
Howei er great improi ements in the proteetn eness of slushing compounds hai e been 
made bj iL.e of one or more of the e tests, and it is beheied that by a proper selec- 
tion of tests compounds can be chosen with a reasonable a&.urance of adequate 
protection m the field 


TASte 2 humidity-cabinet LIFE OF TYPICAL SLUSHING COMPOUNDS 


Type 

1 

Specification 

Method of 
Appheadon 

100* F 
Humidity • 
Cabinet 
Life hr 

Lse and Latimatad 
Life 

Semi-solid m v olatile solvent 


Dip spray 

50-100 

Farts in process 

^emi-eohd in > ol&Vile »olv«ni 


Dtp spra> 

oO-lOO 

Finger print treating 

Paralketone or asphaltic 

AN-C-02 {Type 1) 

Dip epra> 

1 200 + 

Extended indoor 

compound ta >alatile «ol 

, AXS-673 

brush 


1 limited outdoor 

vent 

Oil (7»-200Saybolt Seconds 

' o2 0-18 {Type I) 

1 AXS-674 

Dip epray 

200+ 

yiactunery indoon 

viscosity at 100* F) 

Oil {7d-200Sa} bolt Seconds 

AXS-93J 

Spray 

300+ 

' 3-6 months 

Interior of eoginea 

viscasity at 100' F) 

Oil petrolatum penetration 

AN-VV-0-076 

2 S4b 

1 

Cold snab 

300+ 

Packing bearings for 

number > loO 

ANC 124 

' hot dip 


shipment < 3 

Petrolatum penetration 

A\S-1347 
' 2 82e 

Hot dip 

400+ 

months outdoors 

3 IS months indoors 

number < fjt? 

A\-C-o2 (live lO 



or ouftAiors 


* Test oQ sandblasted steel SAE 30 miseral oil gives less than one hour Ue 


In Table 2 are listed tj-pieal slushing compounds, with estimated information on 
their humidity -cabinet life Further information on types of compound for Use under 
larious storage conditions hate been giien by Boyer 33 

In tcstmg chemical reactiuty, the hkehbood of contamination of as-ociated metaL 
or non metals should be taken into consideration IVith sohent type compounds the 
purity and inertness of the solvent are very important si In studies made by the Bell 

^^Penola Inc l/ubet€Jrt X) 239 J6 19^ 

A S T M Jtethod, Do29-39T Bool of Slandardt II 1449 1944 
« U S Army Spec 2 126 March 15 1946 
** Armi \avySpec A\-V\-C-s76b Apnl38 1945 

R C Bojer Corratxon and ^^a^tTUll Broleetton I O'® 2) 7 (1945) 

^ C jakeman Enffintering 120 123 (192o) 5peetal Report 12 Department of Sc entific and Industrial 
Research Engineenos Research H M StaUonety Office 1929 
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Laboratorias, it was found that an effective compound could actually be made to 
accelerate corrosion of steel and brass when deposited from a chlorinated solvent. 
Chemical stability is extremely important in compounds to be u.sed for long-time 
storage or as lubricants. Many of those which show up best in humidity tests deteri- 
orate over long-time periods to gums or acidic products which cause staining and 
pitting of the metal. Tests for chemical stability are to be found in standard govern- 
ment specification on lubricants.-*^ Physical stability tests are described in. armed 
service specifications.-***.-*" 

The protective film should be continuous, uniform in thickness, and should not 
check, crack, or peel. In some cases it should be abrasion resistant, and in others it 
should be transparent so that visual inspection will not be impeded. It should be 
easily removable after aging by a readily available petroleum solvent such as 
gasoline or kerosene. 

For outdoor protection where surface temperatures as high as 65° C (150° F) are 
not uncommon, or for indoor protection in tropical regions where similar temperatures 
may be encountered for short periods, the adherence, as measured by the tendency 
of the film to run or slip off the specimen at elevated temperature, is important. 

The viscosity becomes of importance when the compound is expected to lubricate 
as well as protect. Where very dusty conditions are expected, a hard, relatively 
non-tackj' film is desirable, if other more important considerations permit its use. 
As a general rule, liquids and soft semi-solid solvent-type compounds are used for 
indoor protection, and the harder solid compounds for outdoor use. 

For maximum safety, the flash point of the solvent used for solvent-type compounds 
should be higher than the maximum temperature of application. Where semi-solid 
compounds are used which must be applied molten, the flash point of the compound 
should be well above the temperature necessary 1o give the required fluidity. 

The cost of application can often be reduced appreciably by determining the 
minimum thickness of film required to give protection for the interval over which 
protection is required. 


FUNDAMENTALS OF CATHODIC PROTECTION 
John M. Peakson* 


Definition 

Cathodic protection is the use of an impressed current to prevent or to reduce the 
rate of corrosion of a metal in an electrolyte by making^ the metal the cathode for 
the impressed current.! 

THE MECHANISM OF CATHODIC PROTECTION 

On the surface of a metal which is corroding in an electrolyte, anodic areas exist 
at which metal solution takes place, and cathodic areas at which a reducing reaction 

• Physical Kcscarch and Development Lab., Sun Oil Co.. Chester, Pa. 

t The source of this impressed current is inimalcnal. It may derive from rectified alternating current, 
generated direct current, or it may be galvanic in origin as when iron and an active metal like zinc are 
connected together and immersed in a common electrolyte, thereby protecting the iron at the expense of 
the zinc. 

Fcdrrat Standard SlocJ: Catalogue, .Section IV, Part V, VV-L-79I b, Feb. 19, 1942. 

*" U. S. .\rm.v Spec. 2-S4H. Nov. 12. 1941; 2-S2C, May 14, 1940. 
jVrmy-Navy Aeronautical Spec. AN-G-3a, April 2, 1945. 
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occurs not uoually involving the metal \tith reference to a normal hydrogen half cell 
as standard ue nra 3 as:ign a definite value to effectne potential at the anode 
areas cathode areas (fip) 

(See Fig 1 > The electrical network pre- 
Ecnted by a corroding surface is then a com 
plex^stem of electromotne forces (emfs) 
resi tmcea and currents The rate of corro- 
sion as mea«uied bj weight loss per «etond 
IS quite accurately proportional to the total 
of the currents di charged by all the anodes 
The total of these currents is termed the 
local action current In Fig 1 the cor 
rodin£ metal u> idealized by reprevEntmg all 
anodns by the one shown symmetrically 
between two cathodes The half 
cell potential E^i of the corroding metal 
must be measured at the point A sufficiently 
remote from the flow lines of the local 
action current so that the location of the 
reference cell has no effect on the observed 
value of Eij 

The study of such a complex syHem i> 
stmplifie<f application of the principle of 
superposition of electric fields Physically 
of cour«e there la only one current at any 
one point , howev er m order to arm e at its 
value the principle of 'uperpoaition permita 
us to think of it as the vector sum of inde- 
pendont currents Tin* concept is a) o useful 
m understanding what will occur when, 
some part of the network is altered For 
the^ purposes the principle of superposi 
tiont may be defined as follows 

The current tn any part of a complex net 
xlotK of emfs and resistances is the vector 
sum of the individual currents uhich each 
emf vcouW produce in that part, os tf that 
emf f-ere the only source of current flow 
The application of these principles in the 
use of cathodic protection is illustrated in Figs 2 3 and 4 In thc«e figures the cor 
roding specimen la to be cathodieally protected by current impre=.-ed bv the auxiliary 
anode A battery i^ shown m the ciremt to ^Tobohze the emf producing the protectn e 
current In 'ome cases the source of emf p the auxiliary anode itself (zinc for 
example) and the circuit external to the electrolyte contains no additional emf 
In any case it is the value of the current applied to the corroding specimen which is 
important, not the emf which originates it 
Figure 2 repre ents the flow of local action current i^, = 4* from a pit on a corroding 


1 Idealized Equivalent Circuit of 
Corroding Metal 


_ Eg -Ex 
Ba + ftc 

■ Eji + 


Ha 


Be 


Sc > Eu > Ea 

El/ S E 1 (tsvliodjc coTitrot) 
It Rc ^Ea E u ^ Ec (soodK eoatrvlt 

lere C => electrostatic capacity of catbode bio 
El/ = half-cell potential of corrodme metal 
*L local action current 
Ea " effective potential of anode 
Ec = effective potential of catbode 
Ra — rea stance of anode area 
Rc — res stance of cathode area 


* Arbitrary units 

II Jeans The Mathematical TTteory etf Eketnetta afld iloffneUtm SthTd. pp 90-101 191 202 afld 
3'’4-33l Cambridee Umversity Press 1927 
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specimen to the adjacent oxide-film cathode. Figures 2, 3, and 4 repi'c.scnt sections 
through the axes of .symmetry of tlie three-dimensional electric fields. If Fig. 2 is 
superposed on Fig. 3, and the two fields added vcctorially, the result is given in 



Fio. 2. Local Action Current ii, from Pit on Corroding Metal; f/, = 4 Units. 


ih 


Ec — Fa 
R c + It A 


(See Fig. 1.) 


Fig. 4. Study of the figures and captions will reveal the quantitative relation.^ which 
exist at the point when the applied current is just sufficient to stop the discharge and 
corrosion at the anode of the protected metal. 





Fio. .3. Distribution of C.athodic Protection Current I Iniprc.‘'.“od from Auxiliary Anode. 

/ = G Units. 

Tlii.i diitribution depends on surface resistances Ra and Rc only and is independent of Ec and Ea- 
(See Fig. 1.) Xotecrfcclof low-rcsislancc pit. Local action current ij, not sliown but circulates as in Fig. 2. 


If I in Fig. 4 F incrra.-cd to Iwelvo units, four of the additional six would enter the 
anode and two would enter the cathode, the distribution being as explained in Fig. 3. 
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The important points to keep in mind are that the current distributions are deter 
mined solelj bj relatne resistances mdependent of emfo nherea* the value of each 
component of current la determined "olelj bj the emf from, which it cornea if the 
resiatances are fixed 

It IS thus essential to differentiate between changes of E^, which are produced bj the 
flow of I through and Rq (m parallel) and tho^e which are produced b} ehangea 
in E(. and For the purpo es of this discus ton the term polamalion aa U'ed below 
will mean only an alteration of the polenliah. E, and Eq excluding IR dropa m R 
and Rc (See Fig 1 ) ^ 



Fig 4 Superposition of Impressed CuTt«at on Local Action Current Showina \cctoT “um 
of Currents in and out of 4node to Be Zero Imprcs<ed Current I and Local Action Current 
xi Arc Both Present 

If the impressed current re tills in polarization at either the cathode or anode 
areas this polarization is reflected aa a change m the local action tin rent it elf and 
m no waj affects the distribution of the impressed current The change in the local 
action current doe of cour e change the amount of impressed cunent lequircd to 
provide protection 

If as sometimes happens the impressed current produces a change in the film 
resistances at the anodes and cathodes the d tnbution of the impres ed current la 
profoundly affected whether polarization has occurred or not Such changes in 
resistance al o profoundlj affect the value of if the emfs remain unchanged 


CRITERIA FOR CO’VIPLETE CATHODIC PROTECTION 
For either anodic or cathodic control of corrosion rate'= * complete protection occurs 
when the anode currents reach zero At this point there will be no IR drops in the 
electrolyte near the anodes and measurements taken there will give Ejf (Sec 

Fig 1 ) In many cases the IR drop through the cathode film far outweighs the IR 
drop of the local action and impressed currents m the electrolj te near the cathodes It 
L, thus clear that if the IR drop through the cathode film le included with its polarized 
potential the potential difference measured to the electrolyte adjacent the cathode 

• For djacuss on of anod c and cathodic control see p 4S6 
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will nearly equal the potential of the anodes. This roethod of measurement has led 
some workers- to give as the criterion of the completeness of cathodic protection “the 
polarization of the cathodes to the open circuit potential of the anodes.” (Polariza- 
tion here includes IR drop with changes in potentials.) This criterion is perfectly 
sound. 

From a stud}’ of Fig. 1, it is evident that if one knows the approximate values of 
E^ and the measurement of Fj, will disclose whether the local action current is 
anodically or cathodically controlled. 

CniTERiA roR Protection of Cathodically Controlled Specimen 

When a corroding specimen is to be cathodically protected, the changes in Fj, 
measured by the remote reference cell are often constituted chiefly of IR drops 
through the electrolyte and through R , and Rf, in parallel. In order to observe any 
change due to real polarization (potential changes at the electrode), corrections must 
be made for the IR drops both in the electrolyte and in the surface films. This can 
be done by direct determination of the IR drops or by use of a null method in which 
they are balanced out.^ 

Measurements made in the above manner on specimens corroding under cathodic 
control indicate that the specimen half-cell potential remains very nearly constant 
until the anode current discharge is actually reversed as the impressed current is 
increased. (Any change at the cathodes is masked by the relatively low resistance 
path to the anode areas.) At the reversal of the anode current discharge, it frequently 
happens that another ion, such as hydrogen, is discharged rather than the metal ions. 
This produces a definite discontinuity in the potential, which can be observed as 
an indication that protection is complete. 

In practice, when there are a number of anodes of varying resistance, the discon- 
tinuity is often, but not always, blurred because the anodes are not all reversed at 
one value of impressed current. When they have been reversed, however, the observed 
potential Fj^ varies with the logarithm of the current as it does when hydrogen is 
discharged. 

For cathodic control, when Fp is much larger than R^, Fj, is nearly equal to F^, 
even before application of the protective current. It is interesting to note that, in this 
case, cathodic protection approaches totality without any substantial change in the 
half-cell potential Ey of the whole corroding specimen. The experimental evaluation 
of the protective current required, however, involves observations with impressed 
currents large enough to determine the discontinuity in F,^, which occurs when the 
net current at the anodes is reversed. 

Criteria for Protection of Anodically Controlled Specimen 

The criteria for the completeness of cathodic protection of a specimen corroding 
under anodic control are not so simple. In this case, the resistance of the anodes is 
so high that the comparatively low-resistance path to the cathode areas masks the 
observation of potential discontinuities at the anodes, as the impressed current is 
increased. When the reference cell is remote from the specimen, the cathode polariza- 
tion criterion of Brown and Mears-* is useful. In order to correct for the IR drop 
in the electrolyte, but not in the cathode film, the measurement of resistance should 

■ R. H. Brown nnd R. B. Meare, "Cathodic Protection" Trans. Ehetrochem. Soc., 81, 455-481 (1942!. 

’ J. M. Pearson, " ‘Null’ Methods Applied to Corrosion Measurements,” Trans Electrodiem Soc 81 
4S5-.50S (1942). ‘ " ' 

■* R. II. Bromi and R. B. Mcars. loc. cil. 
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be made bj tbe me of alternating cuirent of frequency high enough so that the 
capacitative reactance of the film la negligible compared to its resistance If a null 
method l med the bridge balance should be made with alternating current for the 
same reason The me of this cntenon imj^ies of course that the obsen or knowB the 
\alue of E_^ Thio ialue la obtainable and ina> be comidered general^ rehable since 
the anode reaction is a 'imple one inioking the metal and its lom, immediate!} 
adjacent the anode '^face 

Crttepli. for Protection of Specimens under Mixed Control 

For Specimens corroding under mixed anodic and cathodic control (such is 
encountered with some couplca of diB>-imilar metal ) the cntena for completenev of 
cathodic protection «hould be cbo-^ according to practical circuro-tance If it is 
poa-ible to locate the reference half cell =o that it ts subk-tantiallj in the field of tne 
anode the potential ducontmuitj can be used after correcting for all SR drops If 
the reference half cell is remote from the specimen and IR drop m the electrolj-te 
alone are corrected for the cathode polarization criterion can be med If the reference 
half cell Is m the field of the cathode and the IR drops m the cathode surface are 
greater than tho-e m the electroljte the cathode polarization cnterjon can be u ed 
In the ca-es of some gahaiuc couples however tbe surface rest tance of the cathode 
la not predominant and the observer will be well ad\i-ed to check bia conclmions 
b> more than one method 

DETER>UVING MINIMUM CURRENTS FOR PROTECTION 
Test Currents 

The impre^ed current demitiea required for (eating tbe completeness of cathodic 
protection are com entionallj computed on tbe ba.is of tbe total area of the corroding 
specimen regardless of the fact that (be actual current demitj at the anodes when 
the cathode film re..Ltance ts high ma> be 10 to 1000 times the den.it} at the 
cathode- On tbe comentional ba-is tbe testing equipment must be able to fumi-h 
current den-ities of 10-^ amp per «q cm up to amp per 'q cm The lower lalues 
are associated with anodicallj controlled epecimeiiB the larger lalue* with specimens 
corrodmg under mixed or cathodic control or corroding in acid. 

The te.t current ‘=upplj should be able to coter the de ired range in geometric 
«tep with a ratio between 123 and 200 The «uppl> should be adjustable qmekl 
and contmuou.h without interrupting the current and it hould maintain a stable 
'elected \alue of current The 'upplj should be quickh adjustable ina-'inuch a 
ampere hour effects (di-cu. ed below) produce a more or less sfeadj background 
drift m the oh.eriation 'o that it is dearable to «!pace the latter eienl} in time a- 
well as in increment values Tbe maximum current needed reliablj to e,tab!ish the 
required protects e current is at least four times the order of magnitude of tbe 
deter min ed test current 

Range of pRoxEcmD Currents 

Figure 5 show* the orders of magnitude of the protectne currents required bj steel 
under different conditions The current den-ities are based on the total area of the 
corroding metal without regard to the portion which i anodic as a result the lalues 
indicated may be from 2o to 400% of the erpenmeiitall} mea-ured lalues in anj 
giien ca«e The formation of cathode 'cale (see Alkalmitj as an \mpere-Hour 
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-STEEL IN HOT SULFURIC ACID 
(CATHODIC CLEANING) 





STEEL IN ANAEROBIC NEUTRAL SOIL 
WITH ACTIVE SULFATE REDUCING 
BACTERIA 



STEEL IN MOVING SEA WATER AND 
Oj-SATURATEO HOT WATER 


STEEL IN MOVING FRESH WATER 


•STEEL IN AERATED NEUTRAL SOIL WATER 
OH DEAERATED HOT WATER ^BOlLEp) 



STEEL IN STERILE ANAEROBIC NEUTRAL 
SOIL WATER OR IN CONCRETE CONTAINING 
HALOGEN SALTS 



STEEL IN WELL-CURED HALOGEN FREE 
CONCRETE (FOR BONDED SURFACE) 


Fig. 5. Orders of Magnitude of Protective Currents for Steel, 
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Effect discussed below) m <!ome waters maj reduce the current requirements to 
20% of the imtial p^otectl^e \alues. In no e\ent should a design be ba*ed on the 
current den:5ities indicated thej are lueful simplj to ehow the expected orders of 
magnitude Experiinentall> determined values of the proteclne current in each case 
are the only ones that maj be considered %alid 

CtniREvr Sources for Testing 

For laboratory work where the maximum currents amount to ]e s than 10 milliam 
peres requirements can be met bj circuits of high internal re»i tance and high emf for 
stability and connected to suppl> the external circuit through on AjTton shunt for 
adjustabilitj Radio tjpe potentiometer rheostats with a logarithmic taper are meful 
for making the adjustmenU in geometnc steps 
Electronic circuits^ are ca^ilj adapted to proiide a high degree of current stabihtj 
and to preset a number of stepo of the desired ratio for currents up to =e\eral 
hundred milliamperes 

When currents of greater magnitude are required especially in the field portable 
generators with separate exciter- are more suitable Some cathodic protection projects 
on one or more bare pipelines require currents up to several hundred ampere® 

In order to correct the readings of cpecimen potential for IR drop® or to a.e a 
null tj-pe circuit the te t source mu-t be able to supply a small change of cunent 
superimposed on the steady current lalue without interruption of the circuit A small 
increment of the irapre&,ed direct current i® generally preferable to the uae of a super 
posed alternating current for quantitatiie correction® because the skin effects for 
large-scale circuits found in practice result in a di tnbution of alternating current 
which la substantially different from the di®tnbution of the «teady component of direct 
current Rhen alternating current i® med in the adju®tmeDt of a null tipe circuit the 
oKen ations are likel> to include the IR drop in any resietn e clement that i» bypassed 
bj a eapaeitatiie reactance® The increment of direct current i® desirably about 10% 
of the \ alue of the total current It is mo- 1 suitabls furai. hed b\ a \ anation of the 
internal emf of the circuit bi 10% if the current i® to be regulated bj re^utance 
A anatioo A ^ anation in the re«utance of 10% can be used when the current is to be 
regulated bj control of the cireu t emf The circuit emf can be mcclj controlled bv 
u.e of a conlmuou«ly tanable Iran former with a rectifier or bj suitable control of 
the excitation of a d c generator 

Observing Circuit Reference Cells 

Notwithstanding manj statements to the contrary all ob ening circuits draw 
«hght current from the half cell® connected to them The equipment which mat 
nearly approaches the u c of zero current ls a lacuum tube-driicn loltmeter If 
suitable circuit® are choacn the current drawn through the connected halt cell ls 
limited to the lacuum tube gnd current which can be made lery small though 
finite If anj circuit draw® enough current to polarize the connected reference half 
cell the combination is not trmtworthj for making measurements 

Calomel Cell For laboratoiy and for <=ome field work the calomel tj-pe half cell 
IS ^ erj suitable It has a i er> low temperature coefficient and a large current capaciti 
without objectionable polarization (In cathodic polarization olxen ations where 

*J H. Bruce and A Hickling A Current Stabiliser for Electrolyt e C rcuits J Sei JntlrumenH 14 
367 370 (1937) 

«j XI Pearson SuU Methods Applied to Coitoe on Measurement* Tran* EI«c^^oc^em Soc 81 
4S i09 (194'’) 
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polarizations of hundreds of millivolts are significant, an error of 2 or 3 mv in the 
reference cell can be tolerated.) Values of potential for the 0.1 N, 1 N, and saturated 
calomel electrodes are given on p. 1137. 

Copper Sulfate Cell. Perhaps the most wideb'^ used reference half cell in the field 
is the saturated copper-copper sulfate cell. It can be made up from commercial 
material and is reproducible in potential to within ±0.006 volt. It has a high- 
temperature coefficient" but it is entirely satisfactory for field use, and temperature 
eifccts can be deducted if the precision of observation warrants it. 

The copper-copper sulfate half cell has a tendenc 3 ' to reduce its effective electrode 
area and current capacitj’ with age. The reduction is slow but maj' seriousb' affect the 
reliabilitj* of a new half cell in a few months. The change occurs as crystals of copper 
sulfate and copper oxide adhere to and grow on the electrode surface. The cell is 
objectionablj' polarized at a lower value of current when the electrode is cathodic 
than when it is anodic. The value for the half-cell potential is given on p. 1137. 

Instruments 

Published reports are available covering necessaiy instruments® as well as applica- 
tions to field problems.®do.ii.i2,i3,i4, 15,10,17,18 


PHENOMENA, FAILURES, AND PITFALLS IN THE USE OF CATHODIC 

PROTECTION 

There are a number of phenomena manifest by the anode and cathode in a practical 
cathodic protection circuit, some of them favorable and others decidedly unfavorable 
to the successful control of the corrosion I'ate of the cathode. Other conditions arise 
as the result of straj' currents from the cathodic protection installation so that its 
design should bo modified to control possible damage to contiguous structures. 

Electro-osmotic Effects 

These effects occur at both the anode and cathode surfaces, to the disadvantage 
of the circuit. At the anode, especiallj’ if it is buried in certain claj’s, electro-osmosis 

' Scott Ewing, The Copper-Copper Sulfate Half-cell for Measuring Potentials in the Earth (see also The 
Cadmium-Cadmium Sulfate Half-cell for Measuring Potentials in the Earth), Technical Section, American 
Gas .Association Distribution Conferences, 1939. 

* R. 11. Brown and R. B. Mears, "Cathodic Protection” Trans. Electrochem. Soc., 81, 455-481 (1942). 

° Scott Ewing, loc. cit. (sec also The Cadmium-Cadmium Sulfate Half-celt for ilfcasurtng Potentials in 
the Earth), Technical Section, American Gas Association Distribution Conferences, 1939. 

Scott Ewing, Soil Corrosion and Pipe Line Protection, American Gas Association, 1938. 

“ J. M. Pearson, "Concepts and ilcthods of Cathodic Protection” Petroleum Eng., 15, Nos. 6, 7, and 
8 (1944). 

^ A. V. Smith, The Theory and Use of Cathodic Protection, 14 th /American Gas Association Distribution 
Conference, 1937, 

K. H. Logan cl al., "The Determination of the Current Required for Cathodic Protection,” Petroleum 
Eng.,U, No. 10, 108-180 (1943). 

'* G. I. Rhodes, "Two Unusual Installations of Cathodic Protection of Pipe Lines," Proc. Am. Petro- 
leum Inst., IT, 21-32 (1930). 

“ G. I. Rhodes. U. S. Patent 1.902.090, June 12, 1934. 

''Scott Ewing, Determination of Current Eequired for Cathodic Protection, Techm'cal Section, American 
Gas Association Distribution Conference, 1940. 

'■ G. N. Scott, "A Rational Approach to Cathodic Protection Problems," Petroleum Eng , 12 Nos 8 9 
11 (1941). ■ ’ ■ 

'* K. 11. Logan. The Status of Cathodic Protection of Pipe Lines in 1941, presented to the Second Annual 
Water Conference of the Engineers’ Society of Western Pennsylvania, Nov. 3, 1941. 
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of the water may dry the clay to the point where its conductivitj ij. seriously reduced 
When this pomt is reached, in some cases, the heat generated by the current further 
dries the soil The remedy is to select a site for the anode which is under water at all 
times If the anode is in an impermeable clay or dry area, treatment with salt will 
reduce the gradient and therefore the electro-osmosis 

At the cathode surface electroendosmosis produces the rever«e effect, i.e , water 
15 transported toward the electrode If the cathode is protected bj an insulating but 
permeable coatmg, the coating may be damaged by the water 

AiipERE-HoTTR Effects 

The^e effects occur at both anode and cathode «iirfaees At the auxiliary anode the 
principal ampere-hour effect is the electroljtic destruction of the anode Some 
graphite anodes slowlj disintegrate with continued electroljoia for rea ons not clearly 
established and ordmarj metallic anodes pass into solution in proportion to the 
coulombs di charged Most of the latter operate at sO high a polarization emf that 
anions are discharged and the efficienc 3 of destruction of the anode is less than 100% 
based on Faradaj's Law The resulting saiing in anode material is off et by the 
greater energy consumed as the result of the higher polarization emf 

Oxygen and Ampere-Hour Effects At the cathode (protected surface) there 
are a % anety of ampere-hour effects The current densu> at the surface to be protected 
la usual!} quite low (compared to that at ibe auxiliar> anode) and the polarization 
emf IS u-ually of the order of a few tenths of a ^o!t Under tbe;.e conditions the 
cathode reaction consists of the discharge of hjdrogen lom. If dissolved oxjgeo is 
present at an interface, for example between metal oxide and electrolyte the cathode 
reaction consists of a reduction of oxj gen bj electrons from the metal through the 
oxide, re«ulting m the formation of OH" ions This requires an increa-e in irapre*«ed 
current for protection The oxidizing agent is then consumed as fast Os it reaches 
the «urface with the re ult that hydrogen or another cation is di charged and Eg 
(Fig 1) Is reduced or reversed 

Film Resistance and Ampere Hour Effects On some metals the ampere-hour 
effect of continued electrolysis is reduction of the oxide film ^^hetl this occurs the 
surface resistance Rg of the cathode for drops abruptly This results in a marked 
redistribution of the impressed current as explained m the first part of this chapter 
It would also result in an increase of local action current were it not for the simul- 
taneous reduction of Fp 

Lnder 'jome conditions the protectiv e current is nev er large enough to modify 
the oxide cathode areas, and the local action current persists 'o that although the 
corrosion is imder control, it fends to resume its original rate shortly after any 
interruption of current ^hen the oxide cathode areas are modified, the whole surface 
of the metal imder protection becomes nearly uniformly cathodic 

Alkalimty as an Ampere-Hour Effect, If any alkali or alkalino-earth ions are 
present, the chief ampere-hour effect is an increase m pH Under the e condition® 
an interruption of protectiv e current does no harm in terms of the original local action 
circmts, however, the whole area may become the anode for a remote, unpolarized 
part of the ®ame structure TIiis can largely be prevented by electrically insulating 
the cathodically protected part of the structure from the rest of it 

The increase of pH as the result of the accumulation of alkali ions at the cathode 
has many effects One of the most d^tructive is the solution of cathodes which are 
amphoteric so that cathodic protection of metals such as lead, zinc, and aluminum 
requires caution and careful de,.iga 
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Another undesirable effect is the destruction of the bond between coal tar or 
asphalt-tjTC coatings and the eoated structure. The bond between concrete and steel 
is likewise adversely affected.^® 

An interesting and useful ampere-hour effect occurs when the increase of pH 
results in the precipitation of insoluble carbonates on the cathode surface to form a 
tightly adhering, high-resistance film. The “film” is effective when barely visible, 
but has been obser^’ed to grow several inches in thickness. Its formation depends 
upon the presence of carbon dio.xide in solution and the presence of calcium and 
magnesium ions in the catholyte. 

Because of its high resistance, the formation of this film produces a profound 
redistribution of the impressed current, causing it to flow to more remote parts of 
the protected structure. This results in a spread of the area protected, and corresponds 
in cathodic protection to the marked “throwing power” of some electroplating 
solutions. Although this film is most useful in cathodic protection of ferrous materials, 
it can be a hazard when it forms on the more amphoteric metals because of the high 
pH which may accompany it. 

Shielding Effects 

Those effects are adverse to obtaining good protection and are significant chiefly 
in respect to the protected metal. In general, if an electron-conducting material is 
located so that the current flow lines terminate on it rather than on the surface 
to be protected, and if there is a metallic connection from the material to the surface, 
the part of the surface deprived of the incoming current fails to receive protection. 

Shielded Galvanic Couple. If the conducting material forms a galvanic couple as 
well as a shield for the corroding surface, electrical observations are unlikely to 
reveal the hazard, and cathodic protection fails. The prime example of this effect is 
the contact of a buried structure with carbonaceous cinders. The strong local action 
current is confined to the electro^'te between the cinder and the anodic metal. At 
the same time the anode on the metal is electrically shielded by the cinder so that 
the impressed current has no component reaching the anode; hence corrosion occurs. 
It is meaningless to speak of polarizing the cathode area of the cinder because the 
area so polarized is on the outside and is not the cathode for the local action current, 
which flows to the underside of the cinder. Potential observations made remote from 
the cinder record merely the polarization of its outside surface so that the shielded 
local action current is unobservable. 

Shielded Cathode. Another e.xample of shielding is that which results when a 
buried structure passes through a conducting conduit. If the structure contacts the 
conduit, all the impressed current flow lines terminate on the conduit and flow to the 
structure through the contact. This prevents protection of the shielded area. 

When a number of corroding metal structures are separated by distances small 
compared to their dimensions, they are likely to act as mutual shields and are difficult 
to protect. Cathodic protection of the water side of tube bundles in a heat exchanger 
is an example of this problem. The amswer is to distribute the anodes in the available 
space so as to apply the current where needed. 

Shielding by Insulation. In the application of cathodic protection to the steel shells 
of large underground storage tanks, the tank having cone or flat roofs which are 
verj' extensive compared to their depth of burial, the conductivity of the relatively 
thin e.arth layer above them reduces the delivery of protective current to the roof 
from any remote anode. Essentially, the electrical boundary at the earth’s surface is 
E. B. Rosa cl al., National Bureau of Standards, Tech. Paper 18 (March, 1913 ). 
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an insulating shield It is eEfectn e either to coat the roof to reduce the exposed area 
m contact with the soil or to inatail distributed anodes to feed the current transversely 
{instead of longitudinally) through the cohering soil 

^^ECHA^^ctL Effects 

Soil Shrinkage In ‘'ome adobe soil the shnnkage cracks which form when the 
“Oils drj out maj actually open circuit the electrolytic part of the cathodic protection 
circuit 1\ith the impres ed current effective^ cut off from parts of a buried structure 
those parts may corrode Iso practical solution of this problem has been suggested 
Mechanical Depolarization One of the most senous of mechanical hazards is 
'o called mechanical depolarization This occurs for example if a protected structure 
buried under the bottom of a stream la washed out of its co\ ering The mechanical 
action of the flowing water tends to remove the alkaline products of electroljsL, as 
well as supplj more osjgen «o that a considerably increased impressed current is 
required for protection 

Stray Current Hazards 

Poorlj engineered cathodic protection installations on one property are often a 
menace to adjacent properties not con idered m the design OccavionalI> an id talla 
tion will damage the property it is intended to protect 
No proper des gn can omit con.ideration of any conductor which lies in the 
eleetrolj tic circuit of the impre«<ed current It should be remembered that this circuit 
IS tbree>dimensional and that the onl> sure approach is b> measurement and bj 
careful tracing of the actual paths followed by the impressed current 
One of the basic rules to follow m crowded areas is to control the field of current 
flow This Is best done bj di tnbuted anodes arranged 'o that the current require- 
ment of each element of cathode is exactly derived from an immediateh adjacent 
element of anode Another practical rule m «ome more simple cases is to «o locate 
the anodes that extraneous «tructures are conjugate conductors in the whole protec 
tive current circuit Although this is usually not entirelj achieved the process greatlj 
limits the current which must be drained from foreign structures to protect them 
from damage 

Effect of High RESISTA^CE Coupungs 
It is not an uncommon error to overlook the effect of discontinuities in the 
resistance of an extended structure to which cathodic protection is applied A high 
resistance joint in a pipe for example may came some of the current carried bj the 
pipe to bj pass through the earth and to damage the anodic side of the joint 

Radial CURREm 

A poorlj located anode to protect a structure which is it'elf of relatively poor 
conductiv itj maj produce m it a so called radial current Part of the current picked 
up from the anode actually flows along the structure awaj from the drainage connec 
tion discharges to earth at a remote point and returns bj a deep path to a part of 
the same structure near the dram point The discharge by the structure of anj part 
of the impressed current except through the drainage connection is certainly to 
be av oided The remedy in most cases suggests itself when the distribution of the 
impressed current is determined by careful measurement 

<^ott Ewinz Son CoTTOfion and Ptpe Ltne Protect on American Gaa Aasoc at on 1938. 
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APPLICATION OF CATHODIC PROTECTION 
Rodeut Pope* 

GENERAL 

In the usual application of cathodic protection, the metal to be protected is 
electrically connected to the negative terminal of a source of current such as a 
rectifier, generator, or battery. The positive terminal is connected to an anode in 




BARE UNDCRCROUNO PIPE 
Fio. 1. Diagrams of Application of Cathodic Protection. 


the corrosive electrolyte. Currentt from the anode passes through the electrolyte to 
the protected metal, making it cathodic and reversing the current at the anodes of 
local cells on the protected metal. (See Fig. 1 ; also preceding chapter.) 

Cathodic protection sj’stems can be divided into three general classes, depending 

• Bell Telephone Laboratories, New York, N. Y. 

t CtUTcnt means flow of positive electricity, opposite in direction to flow of electrons in a conductor. 
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upon the “ource of the current drained from the metal Forced drainage* u^es a 
source of current such as a rectifier generator or batterj provided especially for the 
purpo e together with an auxiharv anode Gahanic anode drainage u, a form of 
forced drainage which use* an anode of an active metal ©uch as zinc or magnesium 
the drainage current depends on the galvanic potential between the metal to be 
protected and the anode Stray current or bus drainage i* applicable to underground 
pipes and cables in areas where trolleys are operated and uses part of the trolley 
generator potential for draining the current as explained in Corrosion hy Stray 
Currents p 601 

PROTECTIOV OF UNDERGROUND PIPES AND C4BLES 

Probabb the widest lue of cathodic protection is on underground metalhc ppes 
and cable heath© In addition to ■'Iraj current or bus drainage which is used wherever 
trollej-s and d c railroad© are operated forced drainage i u ed extensively on long 
interurban and crcks-countiy underground pipes and telephone cables It is aLo med 
to «ome extent on water and gas pipe© and communication and power cables in citj 
networks 

I\Tiea a potential i© applied to a long buned nielalljc structure such as a pipe or 
cable to make it cathodic the re«ultaat current u^uallj enters the structure over a 
considerable portion of it© length and flows along the structure to the point of 
electrical contact In general such structure© are electricalb continuous and the 
longitudinal current create© no problem However some pipe© have joints between 
section© which maj accident or design have high electrical re i tanee and 
longitudinal current mav create an anodic condition on one side of such a jomt 
Before cathodic protection can be applied to «ucb a ©tructure it i© u©ually necessarj 
to place bonds (metallic connectors) acros© any joint© which have or may develop 
high resistance 

The economic© of cathodic protection must take into consideration inan> factors 
m addition to the cost of makmg repair© In pipe lines there i© a los© of the fluid from 
the pipe and m some cases thi© ma> be a <enou© fire hazard In underground cables 
a hole m the sheath ma3 cau e «erious mtemiption in the services rendered 

SouHczs OF Forced Dr-vivage Ccbrent 

Drj tj pe rectifiers ‘=uch as copper oTide coppcr-®uIfide or 'elenium are most widelj 
used a© sources of current in forced drainage Thej are made mav anetj of output 
currents and adjustable voltage Imit© ate available in hou©mg© suitable for outside 
mounting a for example on poles Th^ have proved quite satisfactorj fox thi© 
"ervuce giving long life under contmuou© operation even with high ambient tern 
perature Rectifier location© are sometime© vi itcd only two to four tune© a 3 ear the 
power consumption a© reported on montbl3 power bill© being u«cd a© an index of 
'ati'factoiy operation 

Bulb or thermionic t3'pe rectifier© are u ed to <5ome extent where higher v oltages are 
required to ov ercome uouaualh high re i©tanee at the anode Motor generator sets 
have been u ed to limited extent G'u.-dnven generators are u ed on some long 
natural ga© lines u'lng gas from the line as fuel Itind-driven generators have also 
been u_ed where there 13 reasonable asaiirancc of 5tead3 mod Occasionally the3 are 

• The term drainace has long been used by field engiMerg to mean the drawjTig of current from an under 
ground structure by means of a metslbe conductor for purposes ol corros on control. The term u not 
usually appl ed to other than underground elnicttuea. 
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used with a floating storage battcrj' which supplies current when there is insufficient 
wind. More often, polarization of the structure is depended upon to prevent corrosion 
during windless intervals. Gas-driven and wind-driven generators have particular 
application where electric power is not available. Because of their moving parts, gen- 
erators normally require more frequent inspection than rectifiers. 

In trolley areas forced drainage is sometimes used to prevent corrosion resulting 
from stray current on a structure bej'ond the end of a trolley line. In such cases, the 
rectifier voltage can be automatically regulated to produce only as much current as 
is required to overcome the continuously varjdng trolley current.^ 

Outdoor rectifiers are usuallj^ mounted in suitable housings on poles, and windmill 
generators are mounted on special towers or masts. Other generators not located in 
available buildings usually require a small hut to be erected on the pipe line 
right-of-way. 

Galvanic anodes require no extraneous source of current, as discussed later. 
Anoup:s ok Gkound Beds 

The current from the rectifier or generator is delivered to the earth through an 
anode or a system of anodes. These anodes (frequently referred to as ground beds), 
if constructed of iron, may be subject to severe corrosion as a result of the current, 
but since they can be relatively easily replaced (as compared to pipe or cable), they 
are expendable. Low-resistance anodes are desirable in order to keep down the voltage 
needed at the rectifier and thus reduce the power requirement. 

One anode connected to a rectifier or generator is referred to as a point anode. 
Lower resistance and better current distribution can be obtained by using a series of 
anodes either in regular geometric arrangement or at the bases of poles already in 
place along a highway or right-of-way. Such an arrangement is called a distributed 
anode. Occasionally an abandoned pipe or trolley rail paralleling the structure is 
available and is used as a continuous anode. (See Fig. 2.) For underground cables, 
a special duct anode is sometimes pulled into a spare duct to minimize interference 
with other structures or to concentrate the effect on a short length of cable. 

Pipe lines frequently use scrap steel such as old pipe for anode material. This 
permits installation of large quantities of metal at moderate cost to obtain low 
resistance and reasonably long life. Where such materials or the space required is not 
available, smaller anodes must be used. Steel rods driven into the ground are not 
practicable except as a temporary or trial arrangement, because corrosion is fre- 
quently concentrated about a foot below the gi'ound lino, and the rod becomes 
segregated after a relatively small portion of the total metal has corroded. A sub- 
stantial increase in life can be obtained by surrounding the rod with fine coke, carbon, 
or graphite (Fig. 3). Carbon ground rods in various sizes are available for anodes, but 
they should also be surrounded by coke. In high-resistivity soils, an anode consisting 
of a long piece of large-size pipe or rail laid in a trench surrounded by, coke may be 
satisfactory. Where coke, carbon, or graphite is used as environment, it not only 
incre-ases the life of the anode but also reduces its electrical resistance to ground. 
However, carbon is electropositive (cathodic) with respect to the iron pipes or lead 
cables, and thus the environment produces an unfavorable galvanic potential which 
must be overcome in the rectifier. In selecting coke for this purpose, care must be 
exercised to obtain coke from coal, as petroleum coke has high electrical resistivity 
and may effectively insulate the anode from ground. 

^ Eric G. Carlson, “Dec of Forced Drainage Systems in Stray Current Areas,” Corrosian, 1, 31 (March 
1945 ). 



938 


CORROSION PROTECTION 




STRUCTURC 

OlSTRieuTCD ANODES 


ABANDONED PIPE OR RAIL 



STRUCTURE 

CONTINUOUS ANODE 

Fig 2 Tipes of Forced Drainage Anodes for Underground Structures 


THe resistance of a \ertical ground rod or pipe to remote earth is approximately 




where p is the soil re«jstivity in meter-ohms, L is the length of the rod belotr the 
surface of the ground m feet, and d is the diameter of the rod m inches W’here a 
vertical rod is surrounded by a special emironment the following formula^ can 
be used: 




*H.B Dwight, “Calculation of Besataneea to G 


•• Elec Eng . 65, 1319-1328 (December. 1936) 
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■where Pi is the resistivity of the environment and d\ is the diameter of the environ- 
ment in inches. The formula assumes that the length of the rod below ground and 
the length of the environment are the same. (Sec Fig. 4.) '\^ here Pi is very small, the 
first term can be considered zero, and the formula becomes the same as for a rod 
of diameter di. 

The resistance of a long horizontal rod or pipe to remote earth is approximately 

1 .64p / 48Z/ L 2h\ 

iE = — — I In— -1- Inv - 2 -F— ) ohms 
ttL \ d h Ld / 


where L is the length of the rod or pipe in feet and h is the depth of the center below 
the .surface in feet. The depth h should be at least ten times the diameter d. With 
environment, this becomes : 


R = 


1.64p. d, , X.QAp/. 48L 



l) 


ohms 


and the same considerations apply ns above. However, if the depth h is not so 
great as ten times the diameter di, the formula will be less accurate because of 



Fig. 3. Vertical-Type Anode in Coke Bed. (J. M. Pearson.) 


unequal current densities at the outer surface of the environment. The presence of a 
bare underground metallic structure within a couple hundred feet of the ground 
rod or pipe will have the effect of reducing its resistance, especially in high-resistivity 
soil. 


ErFECT OF Coating oh Conduit 

Coatings applied to structures prior to their installation in the ground provide 
100% protection only if they are impervious and completely cover the surface. 
However, a coating may contain “holidays” or pinholes or it may be damaged during 
installation or it may have deteriorated with time, as is frequently the case with old 
pipc.=. The surface of the pipe would then be at least partially subject to corrosion, 
and cathodic protection may be desirable. However, a coating, even though somewhat 
conductive, may materially reduce the current required for protection. Modem 
coatings in good condition may eliminate the need for cathodic protection at least 
for a period of years. However, since it is not practicable to inspect the coating to 
determine its condition, supplementary cathodic protection is frequently desirable. 
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Commumealion and power cables are usuallj installed m conduits These conduits 
maj be made of ceramic matenaK, cement, fiber, wood, or iron Non metallic conduit 
tends, to pro\ide an insulating encloTire around the cable, and the electrolytic path 
la largely through joints between sections of conduit Since soil electrolyte 13 not 
excluded from the inside of the conduit, corrosion may occur on a cable eheath 
anywhere along its length, but cathodic protection is concentrated at the conduit 
joints In metallic conduit, the iron pipe shields the cable sheath from any cathodic 
protection current Although cable sheath corro ion m iron pipe conduit is not 
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HORIZONTAL GROUND CLCCTRODC 
Fks 4 \«rtieal and Honzoatal Ground Electrodes 


IsoiATiNG K Section of Stroctcre to Be Protected 
ttTiere a long bare structure requires protection oier a relatnely short length, 
this length is sometimes uolated from the re^t of the structure by installing insulating 
jomta at both end- The uolated section can then be protected with relatnely little 
current Howeier, the 1 olated section may haie been acting as an anode, thu. 
proiiding =ome protection for the structure el ewhere, and this protection would 
thereby be ebminated Furthermore, by depressing the potential of the isolated 
eection, potential differeDce^. are created acrov. the joints which may cau e anodic 
conditions on the structure just out«ide the jomU These undesirable conditions can 
be largely elimmaled by coating the «lructure for ceieral feet both side** of each joint 
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and by placing a resistor across each joint so that the structure beyond the joiflts 
obtains some protection. Practically all the protective current returns to the isolated 
section, and the problem of cathodic current distribution along the structure is 
largely averted. 

Spacing of Rectifiers and Anodes on Long Strdctdres 'nTTiiouT 
Insulating Joints 

On bare pipes and very poorly coated ones, close spacing of rectifiers arid anodes 
maj' be required for complete protection. Pole lines arc often constructed along 
the pipe line right-of-way to carrj' the power circuits, and a rectifier and anode have 
been installed as close as every 500 feet. On the other hand, on long-buried cables 
with thermoplastic coating, a fraction of an ampere every 10 miles has been sufficient 
for complete protection. 

t 

Effect of Forced Drainage on Structdre-to-Earth Potential 

The effect of forced drainage on the potential of the structure to near-by earth 
is twofold. The current raises (makes more positive or cathodic) the potential of 
the earth surrounding the anode (called the anode potential gradient) and lowers 
(makes more negative or anodic) the potential of the structure. If the anode is a 
considerable distance from the structure, the second effect predominates; but with 
an anode close to the structure the first effect may be more important, particularly 
on bare structures.^ 

Effect of Anode Potential Gradient. The rise in the potential of the earth 
surrounding an anode (anode potential gradient) is essentially the IR drop in the 
earth because of the anode current. The potential gradient ci’eated bj' a ground rod 
in uniform soil can be determined from the following formula : 

„ 1.64/p , fL + Vl^\ 

Er = In f ^ ^ ) volts 

where Er is the rise in earth potential (volts) at any point x, caused by current / 
(amperes) being delivered to the earth by the anode; p is soil resistivity in meter- 
ohms*; L is the length of the rod below the surface of the ground in feet, and r is 
the distance in feel from the center of the anode to point x. The value of p can bo 
measured in several waj's.'* 

AVhen r is more than about ten times L, the formula becomes approximatolj’: 

r 

If a bare metallic structure travenscs the anode potential gradient, the gradient 
will be distorted because of the high electrical conductivity of the structure compared 
with the earth. The anode current concentrates on the structure, and this effect will 
become more pronounced the closer the anode is to the structure. (It will also be 
more pronounced in high-resistivity soil than in low-resistivity soil). The structure 
will pick up current in the vicinity of the anode and lase it more remotely from the 

• 1 mctcr-ohm = 100 ohm-cm, 

’ Robert Pope. "Attemiation of Forced Drainacc Effects on Lont; Unifonn Structures," Corrosion 2 
307-310 (Dcconjbcr, 194G). ’ * 

^ L. M. Goldsrnitli, "Cnrlh Resistivity Mcasuremcnis,” PitroUum Emj.. 9, OS (April, 193S). 
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an'ode In a practical ca«e this tendencj to bwome anodic is overcome b> the eecond 
eSect discu^ed below 

The anode gradient effect is likely to predominate in the case of a bare structure 
in high re'istn it 3 «oil ^ hen the anodes are close to such a structure the effect on 
the structure to-earth potential will be concentrated on a relatn elj «hort length of 
structure opposite the anodes Tht. is illuatrated in Fig 5 which 'howo the relative 
potentials of structure to near bj earth for close and remote anodes ov er a section 
of bare structure between two anode locations This figure al o illustrates that the 
critical location on. the pipe la half way between the anodes 



Fio o Relative Effects of Clo e and Remote Anodes 


Effect of Depressing Structure Potential If the anode la a considerable distance 
awaj the structure raaj cot traverfce an appreciable portion of the potential gradient 
and the entire effect of the drainage maj be jn depressing the structure potential At 
the drainage point the change in nructure potential i* equal to the drainage current 
time* the structure to earth resi lance (Rg) Since the current and potential change 
can be mearured the «tructure-to earth re^i tance can be computed 



The change in structure potential is greatCi^t at the drainage point and becomes 
less (attenuates) as the distance from the drainage point increases For a long con 
tinuous structure m uniform •'oil the change m structure-to-earth potential at anj 
point X (F*) can be computed from the equation 

where R is the longitudinal resistance of the structure per 1000 ft (ohm per kilo 
foot) s IS the distance from the drainage point in thousand* of feet (kilofeet) and 
e — 2 718 s 6 The ratio R/2Rg known as the attenuation constant is indicated bj 
the sjmbQl t A tjpical potential attenuation curve is shown at the top of Fig 6 

D Sunde Currents and Poteat als along Keturn Conductors Elee Eng 55 J338 
(December 1936) Bell Telephont Syttem Maiievnph'^-^Vi 

• H C Gear Current Density Related to Current Distnbut on 


Petroleum Eng U 182 (1943) 




APPLICATION OF CATHODIC PROTECTION 


943 


Rectangular coordinates are used to provide a physical concept of reduction of 
voltage with distance from the drainage point. The attenuation curve becomes a 
straight line when plotted on semi-log coordinates as indicated in Fig. 7. 

VOLT 



Fig. 0. EfTect of DraininK One Ampere fro.o Structure. 
However, on long imirorm stiuctures. 


Pa 


= 1 /Z 

2^jGu 


ohms 


in which Gu is the leakage conductance of the structure in mhos per kilofoot and 

y = "v / RGu per kilofoot 
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Thus we can compute the ^alue of y for ^anou:» \alues of and draw a family of 
cur\ea to illustrate the effects of changes m leakage conductance The effect on 
«tructure-to-earth potential (F.) is illu-trated in Fig 8 for a 12 in pipe (iZ = oOOl 
ohm per kilofoot) The leakage conductance of 100 ohms per kilofoot might be 

SCALE SCALE 



Fig 7 Effect of Draining One ^Vmpere 


obtained with a bare pipe m sea water (p = 1 4 meter-ohms) Ten mhai per kilofoot 
represents a bare pipe m \er3 low resi tmty soil (^ = 14 meter-ohmo), and 1 mho 
per kilofoot indicates a medium-resistivity soil (/► = 140 meter ohms) or a poor 
coating A leakage conductance of 01 mho per kilofoot represents either high 




CHANGE IN PIPE - SOIL POTENTIAL, VOLT PER AMPERE DRAINED 
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resistivity soil or a normal coating, and 0.01 mho per kilofoot can be obtained only 
with a very good coating. 



Fia. 8. Effect of Draining One Ampere from 12-in. Pipe Line with Various Leakage 

Conductances. 

Current on Structure and Cathodic Current Density. The current on the .structure 
follows the same attenuation formula and at any point can be determined from the 
equation : 


/x = 
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where 7 q is the current m the "tnieture at the drainage point and is equal to one half 
the drainage current The slope of this curve represents cathodic current per unit 
length and therefore the cathodic current densitj can be determined from the 
equation 


ird 


Tnillinmperes per sq ft 


m which d is the outside diameter of the pipe in inches Thi. can aLo be expressed as 
tj =■ r- imUiamperes per sq ft 

7(1 


The V ariation in current on the «tructure and cathodic current demitj are illmfrated 
m Fig 6 and " Figure 9 «hDws the effect of various values of leakage conductance on 



Fig 9 Effect of Leakage Conductance on Cathodic Current Density — 1“’ m Pipe 

cathodic current den^itj Where several drainage points affect a location the cathodic 
current densities are cumulative 

The attenuation formulas and curves assume umform condition for con iderable 
dutance both wajo from the drainage point and are not stnctlj applicable to bare 
structures unless the anode is far removed from the "tructure 

Effect of Polarization The attenuation formulas assume that the leakage 
resistance is con-tant However polarization effect, tend to change the apparent 
«tructure-to-eartb resistance The^e effects maj be small enough to be negligible on 
«ome bare structures but muallj have pronounced effect e pecialb on coated Btnic 
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tures. Since polarization requires considerable time to become apparent in some cases, 
it is frequently observed that the drainage seems to increase in effectiveness for some 
time after its application. Polarization first reduces the cathodic current density and 
increases the structure-to-earth potential, in the vicinity of the drainage point, and 
this causes spreading of the drainage current to more remote points on the structure. 
This may in turn cause polarization farther from the drainage point, and in this 
manner polarization will extend the length of structure protected. As an extreme 
example, the average structure-to-earth resistance of two thermoplastic covered 
buried cables was 1.1 ohms for nine drainage points before applying drainage, and 
the average apparent resistance one month after applying drainage was 10.6 ohms." 

Galvaxic Anodes 

Galvanic anodes such as zinc, magnesium, and aluminum provide drainage without 
the use of a rectifier or generator.".®.®.^® The galvanic potential between the structure 
and the anode provides the current. The potential of iron or lead to zinc is in the 
order of 0.5 volt, and to magnesium about 1.0 volt in soil electrolytes. Because of the 
limited voltage, the resistance to earth of the anodes must be small to obtain 
appreciable current. 

Zinc, in some soils, builds up a film which effectively insulates it from the sur- 
rounding carth.ii This is particularly noticeable in soils high in carbonates. In order 
to overcome such effect, the zinc anodes can be installed in a special sulfate environ- 
ment. Gypsum (CaS 04 - 2 H 20 ) or hydrated plaster of Paris is used for this purpose, 
and because of its low solubility remains in place in the soil for considerable time.i® 
Magnesium uses a similar environment to provide a higher anode efficiency than 
would otherwise be obtained.^® 

High-purity zinc is used to keep self-corrosion (local action) to a minimum. Rolled 
zinc can be obtained in the form of bars or plates for this purpose. Special castings 
of magnesium and magnesium alloj's are made for use as anodes. Both zinc and 
magnesium are usually installed verticall 3 ’- in a deep hole, and the hole is back-filled 
with the artificial environment. This consists of clay mixed with 25% gj'psum, usually 
made into a slurry. Bentonite is recommended if suitable local clay is not available. 
For high-resistivitj' soils, the addition of 25% sodium sulfate helps to reduce the 
initial anode resistance. 

For structures with low leakage resistances requiring substantial current drainage 
in high-resistivitj' soils, galvanic anodes will usually not provide sufficient current to 
be practicable. The limit of soil resistivitj' for use of magnesium is probably of the 
order of SO meter-ohms (SOOO ohm-cm) and for zinc about 40 meter-ohms (4000 
ohm-cm). The anodes should be a sufficient distance from the structure, so that their 
effect is not concentrated in a very short length of the structure. Where the anodes 

" T. J. Maitland, "Corrosion Protection for Transcontinental Cable West of Sait Lake City, Utah,” 
Corrosion, 1, 47 (June, 1945). 

® C. L. Broefcsehmidt, "A Practical Application of Zinc Anode Protection to an 18-Inch Pipe Line," 
Petroleum Eng. (Fcbruaiy, 1942). 

’ R. B. Meats and C. D. Brown. "Light Metals for Cathodic Protection of Steel Structures," Corrosion 
1, 113 (September, 1945). 

II. A. Robinson, “.Magnesium as a Galvanic Anode,” The Elecirochem. Soc. Preprint 90-4 (October 
1946). 

” O. C. JIudd."E'cpcriencC3 with Zinc Anodes," Petroleum Industry Elec. Assoc. Elec. Neves (May, 1943). 

“ 11. W. Wahlquist, "Dse of Zinc for Cathodic Protection,” Proc. Natl. Assoc. Corrosion Engrs 1 61-94 
(1944). ’ ■ 

“ Porter Hart and Yale W. Tittcrington, "Developing Magnesium for Cathodic Protection,” Corrosion 
1, 59 (June. 1945). 
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are close to a bare structure, clo£.e spacing of anodes is required in order that all the 
structure will be protected 

Criteria of Protection* 

There ate eral criteria used to determine whether a structure requires protection 
and the adequacy of the protection The moot nearlj infallible criterion is a historj 
of corrosion failures Houeier it is desirable to anticipate such failures and to take 
stepo to prei ent them 

The structure to earth potential la most widelj used to determme the need for 
corrosion protection The copper copper sulfate half cell (discuosed on p 931) lo used 
by many pipe companies as a reference electrode in making the potential measure- 
ment In some ca=es if the potential of the pipe to such an electrode remote from the 
structure is le^s negatuef than —085 lolt cathodic protection is applied until this 
value IS obtained In other ca'=es, iron rods are u«ed as reference electrodes and a 
structure potential difference of —03 volt js reqmred lor a sale condition In etdl 
other ea~ea a pipe is considered safe from corrosion only if forced drainage is apphed 
until the potential of the structure is depressed 0^ volt below its original \alue*^ 
On underground cables a lead ground plate is u ed and a posjti\ e cable to-plate 
potential taken a* indication of the probability of corrosion of the sheath These 
criteria are based largely on experience or expediency More «cientific approaches to 
the problem are described m the previous chapter 

Occasionally corrosion coupons are u.ed to determine the necessity for ina ta lim g 
protection or the efficacy of exi ting protection t They are small pieces of steel 
similar to the pipe to bo tested and ate placed on the pipe and connected to it By 
comparing the weight of the coupon at the time of in^tallatjon with the weight of 
the cleaned coupon after being m the ground for a period of time (6 months to 1 
year) the rate of corrosion can be determined which is considered to be the eame 
as that of the pipe To avoid unnecessary errors the coupons should be mounted 
flush with the pipe surface and the space between them and the pipe filled with 
insulating material to avoid corrosion by local action currents, should an electrolyte 
enter the space 

The pattern teat i** la adapted to this same purpose by wrapping the metal with 
a layer of cloth over which a tough paper cover bound The whole is wet with the 
surrounding electrolyte and covered a. originally found If any anodes on the metal 
discharge ferrous ions they will migrate along the current flow lines and reach the 
paper Subsequent treatment of the paper with potassium ferncyanide develops blue 
spot* of ferrous ferncyanide where iron wa* corroded The result* of this test are not 
quantitative but are conclusive in regard to the existence or non existence of anodes 
at the metal surface 

Regular but infrequent impections of the pipe "urface by excavating the pipe 
provide another means to check on corrosive action Record should be made of pit 
locations and size* for compartoon This method as well as the Uae of coupons assumes 
that the location “elected for the test repre-ents at least average conditions, and that 

* Refer also to previous chapter p 923 

t Less negatue is synonjmous with ten anodic 

t Some information appear ng in this and the next paragraph was ong naUy supplied by J M Pearson. 

“ K H Logan el al The Determ nation of the Current Required for Cathodic Protection Petroleum 
Ernj 1* 168 181 (1943) 

vs Scott Ewing and G N ScoU ElecVrrfytieMethodfor DelermimngCoiid t on of Non Metallic Pipe 
Coat ngs Am Gat Aeeoc Monthly 16 (No 4) 136-139 (April 1934) 
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disturbing the soil docs not affect its corrosiveness. It also assumes that the coupon, 
if used, is neither anodic nor cathodic with respect to the pipe. These methods are 
not applicable to coated pipe or to underground cables. 

Effect on Other Structures 

The introduction of current in the earth for forced drainage may affect other under- 
ground structures. Part of the earth current may be intercepted by such other 
structures and will cause corrosion where current leaves to return to the drained 
structure. Where the structures are approximately parallel to each other and there is 
no additional structure present, the location of the anode can be selected so as to 
minimize the effect on the intercepting structure. Where structures cross, possible 
damage to the intercepting structure at the crossing can be eliminated by placing a 
bond of proper resistance between the two structures.!^ Where drainage can be 
located at such crossings or where structures are closely parallel, joint drainage is 
frequently used. In any event, the cooperation of the various properties involved is 
desirable.it 

City Networks. In communities where there is a network of underground struc- 
tures, cathodic protection presents additional problems. The water and gas piping 
systems are usually in electrical contact with each other at customers’ premises, both 
accidentally and at gas water heaters. The neutral conductor of the electric circuit 
is grounded to the water pipe, and it is usually connected to the sheath of the power 
cable. In this way, the water, gas, and electric power underground plants are bonded 
together and form an extensive network which must be drained as a unit. Com- 
munication cables and power transmission cables can be kept isolated from other 
plant and can be drained separately. 

PROTECTION OF OTHER UNDERGROUND STRUCTURES 

Cathodic protection can be applied to the outside surfaces of practical!!' any buried 
metallic structures. For example, gasoline and oil tanks in so-called tank farms and 
refineric!;, together with the associated underground piping, can be protected with 
forced drainage.is-ia The basic considerations and methods follow closely those appl!’- 
ing to pipes and cables. All buried metallic structures must be electricall}' bonded 
so that they obtain protection. An isolated structure, even though it had not been 
corroding seriously before cathodic protection was applied, may become badly cor- 
roded as a re.sult of intercepting current to the protected structure. Anodes must be 
located and the current to each anode regulated so that sufficient current reaches all 
parts requiring protection. 

PROTECTION OF TANKS, CONDENSERS, ETC. 

The use of cathodic protection on the inside .surfaces of water-storage tanks, hot 
water tanks, condensers, water-treatment tanks, brine tanks, etc., presents interesting 
problems.20 The current density required for protection depends on the material of 

1® G. n. Olson, “Cathodic Protection Coordination," Petroleum Industry Elec. Assoc. Elec. A'etes (June 
1943). 

11 A. V. Smith. "Cathodic Protection Interference,” Am. Gas Assoc. Monthly, 2S, 421 (October, 1943). 

1® D. llolstcyn, "Prsictical Dcsisn and Economies of Cathodic Units Applied in a Refinery," Petroleum 
Eke. Afsoc. Ektt. jVnr^ (July, 1943). 

1® R. A. Brannon, "Cathodic Protection of Tank Farms," Petroleum Eng., 13, 92 (September, 1942). 

E P. Sudrabin. "Cathodic Protection of Steel Surfaces in Contact with Water,” Water Works and 
Srwernoe (January, February, and May, lD4o). 
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the tank, the corrO'U eness of the Tfater, the presence of protectn e paint, etc There 
are wide differences m corro'ueness of ordinary waters so that no set rules can be 
applied Sea water, brine, sewage, etc, are relatnely corrosne and require higher 
current densities for protection The anodes should have long life, and therefore 
carbon anodes are widelj u'ed The anode& should be so located and their respective 
currents so adjusted that proper protection is obtained over the entire cathode 
surface This maj require anodes, projecting into extensions from the tanks such as 
stand pipes In high-re'^istivity water, a greater number of anodes is needed in order 
to keep down the voltage required Cathodic protection can be used to prevent 
corrosion of metal tanks used in chemical processes and maj make possible the u-e 
of less expensive materials to handle corrosne solutions 21 

Galvanic anodes can be u-^ed in low-resistmty waters such as brine or sea water 
A galvanic anode hung in a tank should retard corrosion but will not prevent it 
unless there i* sufficient current density at all parts of the tank 
Cathodic protection is not practicable on the inside surfaces of small pipes such 
as house piping 22,23,21 


PROTECTIO’'! OF SHIPS 

Protection of the hull of a ship from galvanic corrosion caused by the propeller 
ha:: been limited to the attachment of a galvanic anode zmc to the bottom of the ship 
near the piopeller 


R. B jreais and H J Falirney, * Catbodie I^teetion of Aluminun] Equipment ’’ Trans Am Inst 
Chem.Enars 37,911 (1941) 

®H.S Warren Electncal Grounds on Water Pipe* ” ^ Aete Enelajui TTaler Worts Asioc 48 3j0 
(September 19341 

** American Research Committee on Grounding, "Intenm Report of Investigations” Am Walef 
Works Assoc , 36 383 (April 1944) 

R. Eliassen and P Goldsmith, EffecteofCroundingonWaterPipe,*'/ Am Water Works Assoc ,36 
563 (May, 1944) 



Laboratory Tests 

GENERAL DISCUSSION OF LABORATORY 
CORROSION TESTING 

Carl W. Boromann* 

APPLICATION AND INTERPRETATION 

Laboratory corrosion tests are used for a %vide variety of purposes, and the t3'pe 
of con-osion test that will be found useful depends primarily upon the end result 
desired. In general, the uses to which laboratory corrosion tests are put may be divided 
into five classifications, namely; 

1 . To stud3^ the mechanism of corrosion. 

2 . To select the most suitable material for withstanding a definite environment. 

3 . To determine the environments in which a given material can be Batisfactoril3'' 
employed. 

4 . To develop new alloys. 

5 . To serve as a control test for the achievement of uniformity of a product. 

Tests designed to study the mechanism of corrosion are of the widest varict3L One 
must choose that type of test which will allow the simplest and easiest understanding 
of the processes under stud3L Usually it is necessaiy to employ quite delicate means 
of measurement and to use conditions that are artificiall3’ controlled within e.vtremeb' 
close limits. In order to be able to interpret the results of such tests, it is usualb’’ 
simplest to control all possible variables except the one under consideration. However, 
the artificiality thus imposed can easil3' lead to results that, if not very carefully 
interpreted, can be most misleading. 

Corrosion tests for purposes other than the stud3" of the mechanism of corrosion 
have taken several forms. For man3’' 3'ears there has been a concerted effort to find 
a comprehensive “accelerated corrosion test” that could be used to serve an3’, or at 
least most, of the aims previous^'^ tabulated. The salt-spray test, the simulated 
atmospheric corrosion test, the acid immersion test for steel, and many others were 
of this type. It was hoped that some form of an accelerated corrosion test could be 
made available which in a short time would give a rating of the behavior of the 
various materials that could be correlated with service e.xposures. For several rca.^ons, 
all attempts to develop such tests have failed. These failures have occurred primaril3^ 
because certain corrosive conditions have been intensified in order to cause severe 
corrosion in a short period of time, thus completely changing the nature of the 
environment. More important, perhaps, is the fact that there is such a wide variance 
in the behavior of metals in different types of environments that no one or even a 
few such accelerated tests could possibl3’^ be interpreted in terms of actual service of 
material. It can now be stated that attempts to develop such tests have in general 
been discontinued. 

In corrosion studies undertaken for the purpose of finding a suitable material to 
withstand a particular service or of finding those environments in which a given metal 

* Chemical Engineering Department, University of Colorado, Boulder, Colorado. 

933 



9o4 CORROSIO\ TESTING {LABORATORY TESTS) 

la ^atL-factory it is be t fiM to take advantage of the %ast amount of published 
literature in the field of corrosion Such a ■^tudj will m general gi\ e a i erj good clue 
a» to the general t 3 'pe» of metals or allc^a that should pro\e rao t sati factorj for 
the particular job to be done The fir=t laboratorj te^ts on the selected matenaU 
'hould be aa «imple a* possible the nature of the emironment in which the metal is 
to be a.ed being kept in mind and at lea^t the more important controlling factors 
being simulated It la often adi-uable to make u e of existing equipment and en\'iron 
menfcs for the purpo e of expoLing small sample^ of the materials that are being 
considered Often the e so-called field te-ts will gii e far more information for a 
pnmarj ^election of materials than mo^t laboratory te,.ts These simple te^ls should 
allow a further '^election The next «:fep should be to tcot model ized equipment 
prepared from the matenals finally selected all factors m the full ized eqiupment 

being ^er 5 carefully duplicated in the model One word of caution should be added 

m any laboratory teat great care 'hould be taken in the interpretation of the data 
At beat the results can only be qualitative and a great deal of common seme and 
experience ha* to be applied to <uch reoulLs before they become useful to the engmeer 
For the deielopment of new alloy and particularly for control tests for alloys 
already in use tha.e laboratory teats known as 'pecial property tests hold the 
greatest promue It has been found by experience that many metals and alloy are 
su ceptible to attack b^ pecial cbenucal reagenb A typical example is the standard 
test for bras- which conosL m immer-ing the specimen in a solution of mereunc 
mtrate or chloride If the bra-s is under a ‘trained condition it will crack quickly 
under ‘uch test condition. Experience ‘hows that the «ame brass under conditions of 
aimilar «tress will be «ubject to ea on cracking when u ed e\en under fau-ly mild 
atmoiihenc conditions The copper «ubate and sulfuric acid test for stainless eteel 
(p 1020) the ‘odium chloride and hydrogen peroxide t&.ts for certam aluminum 
alloy and many other' illu-trale the tvpe of test bemg di cus,ed The e test- do not 
attempt to mea ure the sernce life of the metal m a particular en\^roament but rather 
are indicative of the tendency to ‘pecial t'l'pes of corro-ion SimilarK te-t- de igned to 
mea-ure the «u-ceptibihti of a gnen material to ‘pecial sernce condition, such as 
for example corro ion fatigue tesL «tre- corTo,ioa le Is impmgement te=t« and 
many others fall into this «ame category and ha\e been found to be extremely useful 
m the de%elopment of ‘pecial aUo% It seems unquestionable that the bnghte-t future 
for laboratory corro ion te ts lies in the exten-ion of the e principles to other 
materials and ofner enMronmenta’i condition, 

tAKIOba METHOD* FOR MEASUR1^G CORROSION 
The major methods for measurmg the amount and mtensity of corro.ion ts well 
as certain qualitative aids m determining the amount of corrosion are gii en in Table 
1 Brief statements are mcluded outlining the fields of u-efulness and the major 
ad\ antages and defects of the x anous methods Often the u-e of two or more methods 
will remove many of the cntici'ms given for the individual methods 

FACTORS IVSOLYING REPRODTJCIBlLITi 
Became of the complex nature both of the mechanum of corro-ion and of the 
diier^ity of emironmental conditicms that may be met there are many factors of 
importance in detenmnmg the reproducibiliU of experimental result* Tbe,e factors 
m general may be dixided into two categone namely tho-e imolving the metal 
surface and tho^e iniohing the enyironment Mitfa regard to the metal 'urface iLelf 
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Table 1. METHODS OF DETERMINING THE AMOUNT AND INFLUENCE 

OF CORROSION 


Method 

Fields of Usefulness 

Advantages of Method 

Defects of Method 

Visual observation 

For field tests on ver>' 
large specimens. For 
serA’ice tests of plant 
equipment. To de- 
termine whether or 
not any attack occurs. 
(Inhibitors, stainless 
steels, etc.) To deter- 
mine whether attack 
is uniform or 
localized. 

1. Siraplicity. 

2. Valuable in conjiuio- 
tion with other 
methods. 

1. Personal error. 

2. A quantitaiive esti- 
mate of damage is 
impossible. 

Loss in weight 

For laboratory and 
field tests on metals 
or alloys nob subject 
to special types of at- 
tack and from which 
the products of cor- 
rosion are easily re-| 
moved. | 

1. Simplicity. 

2. A quantitative esti- 
mate of amount of 
corrosion is made. 

1. Error due to incom- 
plete removal of cor- 
rosion products and 
to loss of uncorroded 
metal. 

2. Special types of at- 
tack are not meas- 
ured. 

3. Largo number of 
specimens necessary 
to determine a time- 
corrosion curve 
properly. 

Gain in weight 

Sameas “Loss inweight’* 
except that no loss 
of corrosion product 
must occur. Partic- 
ularly applicable to 
indoor atmospheric 
corrosion and high 
temperature oxidation 
studies. 

1. Same specimen may 
be used to determine 
several points on a 
time curve. 

2. Errors due to im- 

proper removal of, 
corrosion products^ 
eliminated. | 

1. Ananalysisofthccor- 
rosion product must 
be made in order to 
determine loss of 
metal. 

2. Moisture in corrosion 
product may vary in 
amount and thus in- 
fluence the results. 

3. Same as (2) under 
“Loss in weight.” 

4. Accidental loss of 
corrosion products 
would introduce an 

error. 

Change in electrical resists 
ance*,ttt 

For laboratory or field 
tests in gaseous or 
poorly conducting en- 
vironments or inotherj 
cn\ironment8 if spec- 
imen is removed for 
measurement. Also 
useful for measuring 
progress of intergran- 
ular attack of stain- 
less steels by CuSO^- 
H 2 S 04 reagent. 

Produces littio or no 
disturbance of speci- 
men during test and 
hence is well adapted 
for measurement of 
time curves. 

1. Impossible to dis- 
tinguish between the 
influence of various 
types of atiacic 

2. If small wires are 
employed, the attack 
may be diflcrent in 
amount from that on 
a more massive 
specimen. 
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Table 1 METHODS OF DETERMINING THE AMOUNT AND INFLUENCE 
OF CORROSION — Conlinued 


Method 

Fields of Usefulness 

Advaut^s of Aletbod 

Defects of Method 

Hj droeen evolved 


For laboratory tests in 
■ahich corroeioa take* 
place solely with the 
evolution of hjdro-l 
geo. 

Time eurves are read 
ily measured without 
disturbance of spec 

Distribution of attack 
Is not determined. 

Ox} gen absorbed (an 
evolved)} 

id hydrogen 

For laboratory testa inj 
which the corrosion 
takes place nunnlb 
with the absorption ol 
oxygen. | 

1 Time curves are 

readily measured 

without disturbance 
of specimen. 

2 Tbe amount of at 
tack due to each ol 
two different mech 
anisms is determin 
aide 

1 Distnbution and 

type of attack u not 
measured. 

2 analjsis of the 
corroaion products of 
metals capable of 
existing in more than 

be made 

Depth of pittiag (measure- 
meats other than znjeTT>- 
Mopio) 

For testa (laboratory or 
field) made to deter- 
tome tbe eervieeabil 
iiy of metals as con 
tamers of fiuids 
(tanks, pipes, etc } , 

1 Especially adapteo 
for use uitb methods 
of detennimcg total 
attack. 

’ A correct measure cf 
tbe penetration of a 
metal by corrosion 
except when attack 
u intergranular ^ 

1 Many specimens re- 
auired to detenmne 
tizne-penetrstioo 

2 Difficulty of obtain- 
ing aenirste meas- 
urement 

Mieroecopie 


To determine kind of at , 
tack (iDtcKoatalline 
detcncificaiton, etc ) 
To measure depth ol 
pits Todetermioetbe 
constituents of tbe 
metal that are spe- 
cially capable ol iniu 
atiDg attack. 

biceUest toot to sup- 
plement other meas 

Sot generell) useful in 
making quantitatiie 
measuremenu 

Change in pbjsical properties 

Of particular use in 
studies on structural 
mafenals Tensile 

strength measure- 

nieiila indicate par- 
tieularlj tbe damage 
b} genera! corTO*iou 
P/tiuig and jolercryB- 
taliine eonoaion are 
beet measured b) 
changea in duetihty, 
impact resistance, or 
reeistance to bending 
The change of endur- 
ance limit Indicates 
the susceptibihty of 
the metal to corro- 

\Icasures directly the 
changes in pbjeica. 
properties and hence 
IS of practical talue 
to the atcuctural en 

\ resultant of the sev- 
eral possible attacks 
la measured and it is 
not possible to eial- 
uate tbe damage due 
to each tjpe of attack 
(intercrystallwe pit- 
ting, etc ) separately 
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Table 1 METHODS OF DETERMINING THE AMOUNT AND INTLUENCE 
OF CORROSION — Ccni/trju«d 


Xlethod 

Fields of LseRliiesa 

Advantages of M thod^ 

Defects of Method 

ElectrotpetncJI 

To measure tlie thicl: 
ness of surface filrtm 

Technique ts simple and 
quite exact- 

Only useful on adher 
ent thin, eurfsee 
filma of some metals 

Optical methods 11 

To stud} the growth of 
tarmsh and other sor 
face filma. 

The formation and 
growth of fllm« eau 
be studied wvtbout 
disturbance of the 

1 

1 Requires relatrieb' 
complicated epparv 

2 The results of the 
simpler reflectivity 

1 methods are difficult 
to interpret quanti- 
tatively 

Influence of metal on enviroii- 

To deieimute whether 
the corrosion products 
of a metal are deIn 
meotal to the qualit> 
of a product. 

Id many essee this 
^ measuremeut ts ee- 
eeotial to ibe deter 
mtoation of useful 
oeas of a metaL 

Natural!} such mess' 
utemeuts tell nothing 
of the nature of the 
attack on the mpi.i 


C Rudsoii Appbeatioa of E{«ctnea] IUsts(an«e M«s4ur«meni» to the Stud}' of tbe Atmocplieni! 
CoiTOSOO of Metals Proe Pfvt Sot (Loodon) <0 107 

t R M Buirna tad ^ E CtmpbelL Eleetncal Pesituooe ^Uthod of Mettunog l.*aA Comeioa, 
Tran* Eltaroettm Sae SS 371 (19^) 

{J Putfaerfonl tad R. Abort) Tron* Am Intt Uimn^ J/rt Enffrt 100 293 (1932) 

{ G P Be&gougb J \L Stuart tod A R. Lee Tlie Theory of Meulbo Corrosion id the Light of 
Qutatittuve \le«auremeaU Prot Ron Soe. (London) (A) IK 43S (19N) (A) 121 S9 (192S) 

U T P Roar tad L R. Et taa Ttme-Poientitl Curree on Iron tad Steel tad Their '■igniSeaaee 
/ Iron Stullrui 126 3 9 (193'') 

'' F Fecinck, Proteetue Films on Ferrous \Uo>e fnd Ene Chm S7 lOQo (193 d) 

** R. tL Bn«m tad R. B Mean, The Electtoehemistr) of Corrosion Tran* EUetreehm. Soe T1 
49d-d19 (193$) 

tt S. C Britton and C R. Evans The Paaatvtty of Metals Part M — A Coatpansou bets-oen the 
Penetrating Powers of Anions J Chrm Soe (London) 1773 (1930) 

llH-UhligandJ ’Rulfi Tran* Am Irut Mtntna Met Engr* 185 494 (1939) 

{{ H. A Milet The Thickaeae of Onde Films on Iroo, Cameine Scholarship ^lemolrs / Iron SteA 
IruL 25 200 (193G) 

J3 L. Tronstad The InvestigatioD of Thin Surface Films on Metals by Means of Reflected Folanted 
Light Troru Farudaif Soe 29 i><K (l‘*33) 

such things as cleanlmea., (be presence and nature of surface films the presence of 
more than one pha^e in the alloj the preparation of the Eurface for a tc^t and the 
polanzatioa cbaracterutics of the metal are but a few etamplix Such ttungs as 
composition of the emironment, it homogeneit>, the pre ence of foreign matter 
such dirt, and the freedom to access of air are of importance from the standpomt 
of envuonment In fact, aD> thing that ma> be of importance to the electrochemical 
nature of corrosion will obiiomb influence the amount and nature of the coirosne 
attack 

In order to obtam reproducible result , therefore the greatest care miL.t be olxen ed 
in preparing and exposing the specimens and m measuring the extent of the attach 
However even when the greatest po Mble pains are taken it is not to be expected 
that absolute reproducibilitv will be achieved There are manj factor be'ond the 
control of the expenmenter* Comcquentiv, the ab. olute error of meamrement can 
be reduced onlj bv increa-ing the number of ‘identical ’ specimens te..ted 

•However etalistical eontrtl is often achievetL See Tslal /«n77ier«Dn TesU p 9.^ Ewtob. 
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The tjT)e of attack that occurs can greatly influence the reproducibility of the 
rc-siilts. If the attack is uniform, the reproducibility will in general be much greater 
than if the attack occurs only at a few discrete points. To attain the same accuracy 
in this latter case, more specimens would have to be exposed. 


TOTAL IMMERSION TESTS 
W. A. Wesley* 

The total immersion test performed with proper precautions can be made a reliable 
type of corrosion test. Adequate control of the important variables is in 
general obtainable. A state of statistical control has been demonstrated for each 
of the following corrosion systems: iron in potable water.i 70% Ni-30% Cu alloyt 
in aerated 5% sulfuric acid solution and in aerated 5% hydrochloric acid solution, 
steel in aerated 3% sodium chloride solution,^ and zinc in aerated sodium chloride 
solution.'"* This and simitar work encouraged formulation of recommended methods 
of total immersion testing for non-ferrous metals'* b 3 ’' the American Society for 
Testing Materials which should be studied by anyone preparing to perform such tests. 

METHODS OF CONTROL OF THE CORROSION VARIABLES 

Figure I is presented as an example of the magnitude of some of the important 
controllable factors in total immersion corrosion, in this case the corrosion of 
70% Ni-30% Cu alloy in 5% sulfuric acid solution.'" The principal advantage of 
laboratory tests is that such factors can bo held constant, but it is obvious that no 
one design of apparatus will necessarilj’' suffice to control these variables over the 
full ranges encountered in practice. The phj'sical features of the apparatus are 
therefore considered of importance only as they affect control of the significant 
variables. 

Velocity ' 

For investigating corrosion at high 3'elocities (without impingement or cavitation 
which require specialized technique), simple rotation of the specimens is not ideal 
because the liquid tends to move with the specimen and the actual rate of movement 
of liquid with respect to the metal surface is not definitely known. Circulation of the 
solution through a tube in which the specimen is mounted**.*'.^ appears to be a better 
method of high-velocity control. The principle of such continuous flow apparatus is 
indicated in Fig. 2. 

The tubul.ar apparatus has frequentlj’- been emploj’cd also for tests at moderate 
velocities, but devices for moving the specimen through the solution at a uniform 
rate are equallj" satisfactoo". The circular path machine sketched in Fig. 3 is useful 
for velocities up to 20 meters (65 ft) per min.®.8 It offers the advantage that a vertical 

• Kcscarch Lnbornlorj', The International Kichcl Co., Inc., Bayonne, N, J. 

t Monel. 

' R. F. Passano, Proc. j-lm. Soc. Testing MaferiaU, 32, Part 11, 4GS— 174 (1032). 

“ W. A. U’cgley, Proc. Am. Soc. Testing MaterialSt 43, C49-GoS (1943). 

A. Anderson, unpublishetl data, New Jersey Zinc Co., 1944. 

* A. S. T. M. StfindnnU, 1943 Supplement, Part I, pp. 332-341, A. S. T. M. desiRnation B1SM3T, 

^ O. B. J. Froj^r, D. E. Ackerman, and J. W, Sands. Jtid. Eng. Chcjn., 19, 332-338 (1927). 

® H. A. Trcblcr. W. A. Wesley, and F. L. LaQue, Ind. Eng. Cfiem., 24, 341-342 (1932). 

’ It F. Passano and F. R. NaRlcy, Proc. Arn. Soc. Teding ^roteriah, 33 (11), 387-399 (1933) 

® W. A. Wesley, loc. cit. 
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circular motion without twist causes all parts of the specimen to move at the same 
velocity. It is possible to mount specimens on a rotating spindle in a waj’’ that insures 
substantially uniform velocit}’ over the principal surfaces, and when this is done 
satisfactorj' velocity control is obtained.^ A rotating spindle apparatus providing a 
closed container suitable for tests at low pleasures is shown in Fig. 4; a similar 
apparatus for tests at pressures above atmospheric is illustrated in Fig. 5. 



Fia. 3. Diagrammatic Sketch of Circular Path 
Appai atus. 



Pio. 4. Rotating Spindle 
Apparatus — for Low Pres- 
sures. 


For corrosion tests in boiling liquids it is general practice as a matter of expediency 
to employ stationary test pieces and depend upon the agitation provided by boiling. 
This is true of the standard nitric acid test for stainless steels.® It is probable that 
velocity is not a controlling factor in this test, but it might well be important in 
testing other combinations of metal and boiling solutions. 

Zero velocity is difficult to maintain because convection currents arise from slight 
differences in temperature or concentration. So much care is required that a condition 
of zero velocity has probably been achieved only in scientific work as contrasted with 
industrial testing. The classic example of the former is the work of Bengough, Stuart, 
Lee, and Wormwcll.^® 

It is not safe to predict corrosion rates at one velocity from rates observed at a 
different velocity. Protective films which form and adhere at low velocities may not 
withstand higher rates of flow. On the other hand, instances are kno\vn of alloys 
resistant to corrosion at high velocities which fail under conditions of stagnation. 
For example, brasses that dezincify at low velocity are free from such effects at high 
velocity, and stainless steels which retain an unblemished .surface in salt water at 
high rates of flow may be severely pitted under stagnant conditions. 

® A.S.T.it. Stnn-!ardt, 1043 Supplement, Part I, pp. 203-20S, A.S.T.M. designation A2G2--13T. 

Summariicd by U. R. Evans, Metallic Corrosion, Passitily and Protertion, pp. 183 and C35, Edward 
Arnold and Co., London, 1037. 
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Teitperatxtke 

For temperatures in the range between room temperature and 100“ C thermostatic 
control at the desired temperature plus or minus 1* C is usuall> considered satisfac 
torj A somewhat greater \anation is often permissible at test temperatures 
abo\ e 100“ C 


Specimen Supports 

Supports for the specimens "hould be designed «o as to m ulate specimens from 
each other and from anj metallic container or supporting deMce used with the 
apparatus The 'upportrag deMce and container should not be affected bj the cor 
rodiDg agent to an extent that might cause contamination of the testing solution 



«o as to change its corrci.i\ity The shape 
and form of the specimen support should 
be such as to aioid as much as pos.ible 
any interference with free contact of the 
specimen with the corroding solution 
Vt hen it is de ired to «et up conditions 
favoring contact corro ion depa.it attack 
or other forms of concentration cell action 
the means bj which the-e tj^pes of attack 
are favored should be «ucb as to insure 
exact reprodueibilitj from specimen to 
specimen and test to test Examples of 
methods of support which hav e been eatis 
factorj for the part cular combination of 
metal and solution imder stud} are avail 
able m the references alread} cited 

Aeration 

The guiding principle in control of the 
gas content of the corroding solution is 
this it Is easier to maintain a eolution at 
the saturation point with ro-pect to the 
gas pha.se than at anj other concentration 
The do-ired concentration of any one 


A PRESSURE GAGE F ALUNOUM AERATOR 
B DRIVE PULLEY G CLASS CHMNEY 

C CONDENSER H TEST SPECIMEN 

D OIL BATH I ROTATING SPINDLE 

E TEST SOLUTION J THERMOMETER WELL 
K ELECTRIC HEATER 


Fig 5 Rotating Spindle Apparatus — for 
Pressures above Atmo phene 


component of the gxs pha'e such as 0x3 
gen in the solution Lj then determmed bj 
how much is present m the aerating gas 
Pure OX} gen would be used onlj if it is 
desired to mamtam the solution saturated 
with o'^gen If air lo emplojed the solu 
tioa la commonij maintained saturated 


with air and the oxjgen concentration in the solution b thus held at about one-fifth 


that of an oxygen saturated solution Air diluted with nitrogen, can. be emplojed for 


still lower oxjgen concentrations 

The means adopted for saturating the solufaon with gas depend upon the tj-pe of 
apparatus emplojed Thua in a contmuoua flow apparatus, it la feasible to mamtara 
the solution aturated with air bj mmg an air lift as part of the circulating sj tem ^ 


A S T 31 StaTidanU 1943 Supplement I'art 1 pp 3K 341 A.ST NL des enation'B185-43T 
“HA Trebler TV A Wealey and F L. l«Que Ind Eng Chem 24 341 342 (193“) 
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The most reliable method is to blow air through the solution, using an Alundum 
thimble or a sintered glass diffusion disk of medium porosity to break the air stream 
into small bubbles. Such devices should introduce the air at the base of a glass 
chimne 3 ' over each aerator so as to prevent the impingement of the bubbles upon 
an 3 " test specimen. 

'When good reproducibility is desired, the rate of flow of saturating gas should be 
measured with a flowmeter. Suggestions as to the actual rates of flow necessar 3 ' are 
available.!-’*-!'* If it is certain that the practical problem involves an ox 3 'gen-free 
solution, this condition is more reliably reproduced in the laboratory test by 
saturation with an inert gas such as purified nitrogen* than by omitting aeration. 

Test Sol'utions 

The recommended ratio of volume of test solution to area of specimens is 250 ml 
per sq in. (4 liters per sq dm) unless it is desirable to reproduce the ratio that exists 
in the practical case. An instance of the latter choice is a test, the object of which is 
to determine the effect of metals upon the characteristics of a d 3 ’c solution. 

Changes in the Solution. Perhaps the most common danger of mistaken interpreta- 
tion of laborator 3 ’' immersion test results arises from exhaustion of ingredients in the 
original solution which control the rate or l 3 ’pe of corrosion, or from accumulation of 
products which are corrosion inhibitors or accelerators. An example of the first is 
related to the great difficulty encountered in reproducing in the laboratory the type 
and rate of corrosion of almost any metal in natural sea water. The gross composition 
of sea water is readily reproduced, or natural sea water can bo carried to the 
laboratory; but the delicate balance of oxidizing and reducing agents, of carbon 
dioxide and oxygen, maintained b 3 ’ the living matter in sea water is difficult or 
impossible to sustain indoors. Another important example is the corrosion behardor 
of metals in tap water, which differs so greatly when a continuous flow of fresh rvater 
is supplied and when the test is run in a restricted volume. 

Copper in solution is a classic example of a corrosion product which accelerates 
corrasion, as in the corrosion of 70% Ni-30% Cu allo 3 ' in aerated hydrochloric acid 
solution. As little as 0.5 gram per liter of dissolved copper can increase the rate of 
corrosion about ten times its normal rate. It is interesting to note also that dissolved 
copper can act as an inhibitor for the corrosion of stainless steel in sulfuric acid. 

Effects of the above kinds can iisualb^ be detected by changes in corrosion rates 
with time. 

Test Stecimens 

Sheared edges, and even machined edges, of corrasion .specimens arc often less 
re=istanf to attack than the normal surface. If the ratio of edge area to total area is 
much larger than would be utilized in practical equipment, as is usually the case, the 
corrosion rate calculated from the laboratory test ma 3 ' be misleadingly high. 

The usual precautions regarding treatment of sheared edges, surface preparation, 
and selection of .specimens apply in total immersion testing as in other t 3 -pes of test.!! 
If localized corrosion attack is encountered or expected, small specimens should not 
be used because the probability of occurrence of this t 3 'pe of corrasion increases 

• Pas.ied over a Bufficient IcnRth and urea of copper at approximately 450° C to remove oxygen. Carbon 
dioxide can be removed tiainc: soda liinc or a liquid air (rap. Cditor. 

W. A. Wwley, Proc. Am. Soc. Te^tina Mattrinh, 43. 649-65S (1943). 

“ A.S.T.M. Staidirds, 1943 Sumicment, Part I, pp. 332-341, A.S.T..M de<<ignation BI85-d3T. 
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wth mctesue m the area of metal surface tested ts Methods for cleaning spenmena 
before and after test are di cus^ed m PTeparalion and Cleaning of Specimens, p 1078 

Data obtained with annealed metals ma> not be repre^entatn e of the corroeion 
behainor of the «anie materials after other heat treatment*, such as for hardening or 
tempering or tho e a*^ociated with welding or forging The corrosion renstance of 
welds ma3 iar 3 with the thickne&s of the section welded The condition of the 
surface of the te^t ‘specimen* maj not be repre-entatu e of that commonly supphed 
Thia IS particularly important if corrmion i» of the pitting tj pe It i* not important 
if corrosion i* umformly di tnbuted and the proper duration of test has been 
employ ed 

Number of Specimens per Test Container It has been found that the practice of 
testing duplicate specimen* of a matena! in the same container at the same time 
occasionally gn es muleadingl^ good agreement between them and may encourage a 
faLe estimate of the reliability of the le t Thir. can be aioided by placing duplicate 
«pecimens in «eparate containera or testing them con^ecutnely In contrast to this, 
the «ame reasoning lead* to the concimion that it may be adiantageous to immetse 
two different specimen* (not duplicates) m the came container in comparing corrosion 
rate's, pronded that the corro ion products of one material ha\e no effect upon the 
rate of corra,ion of the other 

DtiRiTioN OF Test 

A constant rate of corrcLion i* encountered much more often m total immer«ion 
than in other types of corrosion ^<e^e^theles» it u not safe to os ume that this 
relatioiLhip holds without the mpporting eMdence of a corrosion time cur>e If 
the test 1 of too “hort duration «ome materials which build up protectiie corro-ion 
product fflma «]ow]y may be ruled out a* umatufactory The corro.ion of cast iron 
in many water;) is of this type If a test is too long the effects of exhaustion of 
ingrediente or accumulation of corroLion products may be pronounced 

Me ^.siTREirENT OF Corrosion Rate 

Methods of measurmg the extent of damage of the specimens by corrosion 
or otherwise determining the rate of coiro-ion are ducu* ed in. the preceding 
chapter p 953 


REPORTING RESULTS 

The <«tandard unit for expressing weight Id's data is milligrams per square decimeter 
per day (mdd) If the di tribution of corrosion has been uniform, the mdd lalues 
are often comerted to inches penetration per year (ipy) Aicrage and maxi- 
mum depths of pit3 are reported with a dutinction made between pitting on 
surfaces freely exposed to the teslmg solution, edge attack and localized corrosion 
underneath contacts with supporting deuces It is not ad\L.able to coniert pit depths 
to a unit nich as inches penetration per year emce the rate of pitting is usually not 
proportional to tune Pitting hould be expres.cd a* maximum depth for the actual 
test penod 

Whenex er pos-ible, remits «houId be pre-ented in the form of time curx es, whether 
the rates were measured a* weight loss, loss m tensile strength, depth of intergranular 

U R. B Xlears and K- H Brown, Ind Sna Chrm. S9 lOSS {1937} 

uw A. XXesley Proe. Am Soc Te*l«ia J/otmoI* *S (1943) 
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attack, depth of piL«, or otherwise. It is now generally agreedi" that reports of 
laboratory total immersion tests should include the following information: 

1. The chemical compositions of the metals and alloys tested. 

2. The exact size, shape, and area of the specimens. 

3. The fabrication and metallurgical histoi-j' of the specimens. 

4. The surface treatment used to prepare specimens for test. 

5. The number of specimens of each material tested, whether each specimen was 
tested in a separate container, or which specimens were tested in the same 
container. 

6. The chemical composition and %'olume of the testing solution, and information 
as to how and to what extent the composition was held constant or how 
frequently the solution was replaced. 

7. The temperature of the testing solution and the maximum variation in tem- 
perature during the test. 

8. The degree of aeration of the solution in terms of milliliters (ml) of air per 
liter of solution per minute and the maximum variation in this flow, or similar 
information for the gas or mixture of gases employed. The type of aerator 
should also be described. 

9. The velocity of relative movement between the test specimens and the solution 
and a description of how this movement was effected and controlled. 

10. The nature of the apparatus used for the test. 

11. The duration of the test or of each part of it if made in more than one stage. 

12. The method used to clean specimens after exposure and the extent of any 
error introduced by this treatment. 

13. The actual weight losses of the several specimens, depths of pits (plus notes on 
their size, shape, and distribution, as by sketch), data on mechanical properties 
before and after exposure if determined, and results of microscopic examination 
or qualitative bend tests. 

14. Corrosion rates for individual specimens calculated in milligrams per square 
decimeter per day (mdd). 

Complete Examination of Specimens 

Unless experience has shown it to be unnecessary for the particular combination 
of metal and corrosive medium being studied, the report should include the reassur- 
ance that no damage has occurred to the test specimens other than that shoivn by 
the data. Examination of the test specimens after test should have been complete 
enough to indicate the presence or absence of such effects as dezincification, inter- 
granular corrosion, eiflbrittlement, and stress corrosion. If any such damage is 
detected, special tests to evaluate the susceptibility of the metal to these tj'pes of 
attack are recommended. 


ALTERNATE IMMERSION TESTS 
H. L. BuncHOPF* 

The alternate immersion test has long been a favorite method of conducting 
laboratory corrasion experiments. As the name implies, the test material is cyclically 

• Clia-te UraAs and Coppef Co*. Waterbury, Conn, 

StnmliTd^, I043 Supplement, Part I. pp 332-341, A.S.T..M. DcaiKnalion BI85~43T, 
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displaced with respect to the corroding 'solution <o that it is alternately suspended 
in the 'olution and in the atmosphere abo^e the solution The test invohea con 
■sideratioD of and control of 8e\era! faeton> aa foUons 
Preparation of suitable specimens 
Concentration and \ olatility of solution 
Volume of solution per unit surface of 'specimen 
Temperature 
Duration of test 

Alternate immersion time cjcle and proportioning of time in solution and tune in 
atmo phere 

Rate of drying of specimens when in atmosphere aboi e solution 
Laboratory atmosphere 

Qualitative and quantitative evaluation of the corrosion experienced 

The test la most commonly used as a means of comparing the corrosion re«istaiice 
of various metals and alloys in a wide variety of corrosive media It is al=o iLed as 
a control test to check the quality of successive lot* of certain alloy* m commercial 
production and as so used tuu*l be very rigidly controlled Common test procedures 
have been described*” and at the pre ent time tentative recommended procedure 
has been formulated by Committee B-3 of the American Society for Testing 
Material* ^ 


E\PERIMENTAL ARRANGEMENT 

The arrangement of one ver«ion of the test as u'^d for copper allots is shown in 
Fig 1 In this the corroding solution i* contained in glas* mu eum or batteiy jars 
which «taad m a circulating water bath of controlled temperature The specimens 
consist of strip tensile specimens piepared in accordance with A S T if require 
ments^ In each jar there i* mounted on glas* supports one group of five or "ix 
specimens separated and insulated from each other by gla*s bead* The group of 
specimens is 8U<Tjended by strong nj Ion fi*blme w hich runs ov er a gla** rod abov e the 
lar and thence to a motor driven crank which imparts the necessary raiding and 
lowering motion In this particular te.t the total cycle of specimen movement is 
of one mmute s duration and the solution lev el is «o adjusted that the Epecimens are 
A’iiving ttriVe X?. WKi«i.vM: •£> -fn-iy.’/dftTi ivAVi ^ TaVWi *LVgft/Av 

fittmg insulating hood the humidity m the chamber is lugh and the specimens remain 
completely wet at all times 

In another version of the test as applied to copper alloys the specimens are 
suspended from a rack or frame The entire frame is alternately loaered and raised 
by means of a crank the 'specimen* being immersed m the solution for IV* mm and 
in the atmo phere for the «ame time m each cycle The equipment is not provided 
with a hood The 'specimen* at no time become completely dried although some 
evaporation obviously occur* 

In the Simplest form of the test the corrosive conditions are uniformly distributed 

*D K Crajnptoa and N W M Vctril Allamole-Imwerswm and TToler-Line T«»ls SymposmnonCoi- 
ro6 on Test ng Proeedurea p "4 Ch cago Regional Meet ng Amencan Soc ety for Test ng Mater als 1937 
Mears C J Walton and G G Eldredge An Alternate Immers on Test for Alum nutn-Copper 
Alloj-s Ptoc Amencan Sonety for TeilinQ ilaieruia ii 839 UW41 

* Alternate Immersion Corros on Test of Non femnis Metals, ASTI/ SlanduTils I B (B192-44T) 
p 7S0 (1946) 

* Standard Methods of Tension Test ng of Metall c Materials (E8-1 ) -^STM StaTidards Parti 
p. 899 (1942) 
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over the entire specimen, and theie is no tendency for stronply localized attack cx’cept 
as peculiarities of some alloys may dictate. The assembly of specimens may readily 
be modified, however, so that the action of deposit attack may be simulated. This 
modification is accomplished, as shown in Fig. 2, by placing a short length of heav}’- 
cotton cord between the specimens of the gioup and maintaining this composite 
a.sscmbly in position by means of a metal clip. An oxj'gen concentiation cell is thus 
developed in the alternate immersion cycle, and the attack may be localized under 
or immediately adjacent to the coid. This is a good laboiatoij' appioacli to the 
pioblem of estimating coiiosion resistance of mateiial as affected by suiface deposits 
in the presence of coirosne media. 



Fig. 1. View of an AUernato Immersion Corrosion Testing Machine Used in Investigat- 
ing Copper Alloys. 

Specimens arc suspended aborc the solution in the glass jars from nylon lines attached to the crank arm 
oyerhead. Glass jars stand in «aler bath. Insulating hood is thrown back. 

An alteinate immersion test has been described^ (Fig. 3), the puipase of which is 
to sort e as a routine check upon the quality of a certain aluminum-base alloy In 
this test, strip specimens are used, some unstressed and some stressed, as simple beams. 
The test solution consists of a distilled water solution of sodium chloiide and hj'drogen 
peroxide and is contained in Pyrex glass breadpans. The alternate immeision is 

^ K. B Mcars, C. J . Walton, and G G. Eldrcdgc. "An Alternate Immersion Test for Aluminum-Copper 
Alloys." Proc. .Immcnn Sociciu for Tasting Materials, 44, 639 (1944). 
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accomplished by rai=mg and lowering the pans rather than the specimens In the 
usual cycle the solution pans are rapidly raised and held m the raised position for 
mm and then are rapidly lowered and held m this position for 1*^6 min Tem- 



Fia 2 Typical Arrangements of Strip Tensile Specimens on Glass Supports Nylon lane 
Suspension for Alternate Immersion Testing 

Tb^graupst tbelelt lithe taual e mpieemneemeot fa tlie group ac the ftshc ehortleogttso/eottoa 
cord are held in contact with central portions of epccimeos to order to simulate deposit attack 

perature is normally controlled at 30* C ± 1® (85* F) The equipment is enclosed 
m a large inaulated cabinet Each test is ran for 48 hours and the solution is changed 
after 24 hours The test has been conducted regularly for se^ eral years, and slatiatically 
consistent results are reported to be obtained from it Material of known charac- 
teristics IS used as a standard of comparison in each run 

SPECIMENS 

Specimens are best prepared from strip metal, so that the ratio of the surface to 
mass IS large and that of edge area to total area small The conditions may be such 
that the specimens are completely dried between each period of immersion, or they 
may remain completely wet la either case there is opportunity for aeration of the 
liquid film adhering to the specimen during the period when it is out of the solution 
proper It is desirable to hai e a» high a ratio of quantity of solution to area of metal 
surface as is po&ible The lentatne specification of the Ameiican Society for 
Testing Materials^ states that about 250 ml per sq in (40 ml per sq cm) of «pecimeii 
area is desired, but that as little as 20 ml per sq m (3 ml per sq era) may be sufficient 
The solution should be completely changed at reasonable mtenals during the testing 
m order to minimize the effect of contamination by corro-ion products 

The value of any test is naturally lery greatly enhanced if the service behavior 
of at lea^t one of the test materials is known Furthermore, in running successive t^ls 
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under the same conditions for a wide variety of allo 3 ’s, it is advisable to include in 
each test at least one or two materials that can serve as standards of comparison. 


NUMBER OF SPECIMENS 

Five specimens form a satisfactorj’ number for an alternate immersion test. These 
are best scatteied among fi\e jars of solution along with the specimens of other 
materials that are being compared, rather than placed as a single group in one jar.*^ 



Fio. S. An Arrangement for Alternate Immersion Testing of Al-Cu Alloys. (R. B. Mears, 
C. J. Walton, and G. G. Eldredge.) 


The comparative results appear to be more certain when this plan is followed. Of 
course there may be instances where a mateiial is so badly corroded or is so markedlj^ 
different that its coirosion product will unduly affect the solution and its action upon 
other test materials. In such an event it is well to segregate specimens of the offending 
material. 


TEMPERATURE 

Attention must be given to testing temperature, temperature control, and distribu- 
tion of specimens. The lowest controllable temperatures commonly used are 30° to 
35° C (S5° to 95° F), and 60° C (140° F) is a convenient elevated temperature. At 

This practice is al"o followed in total immersion testing Sec p 9G4. Editoh. 
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this latter temperature loss of water by e\aporabon of the test solution i* within 
reasonable bounds and may be off et by addition of distilled water once or twice daily 
Temperature is desirably and readily controlled to 1“ C 

CORROSIVE MEDIA 

The “solutions that may be used are almost unlimited As sea water is perhaps the 
most widelj encountered highb coirosiie medium teats using it or more often 
eolutions of sodium chloiide of «ea salt or of seieral of the salts found in 'ea water 
are frequentlj conducted Acids baoea and salts may be used in \arioua concentra 
tions The important point is to choose the medium its concentration and Us 
temperature in such a way as to approach as clo&ely a* possible the actual seriice 
condition for which information fc> «!ought and theiebj develop the attack that is 
most likely to be suffered m service 

DURATIOV OF TEST 

Duration of test la an important consideration The value of having more than one 
time period i* unquestioned If as «ometimes happens it is impossible to arrange 
this experience is helpful m determining a proper period For the testing of copper 
allojs in «ea water or dilute sodium chloride at 60° C (140® F) 100 dajs will provide 
a good comparison based on loss of tensile strength of strip specimens which are 
0 032 m (0 081 cm) in original (hickne^s A shorter time would suffice m a more 
corrosive medium for example 30 dajs in dilute (1 to 6%) sulfuric acid at 
30° C (85° F) 


EVALUATING CORROSION 

The manner and extent of corrosion maj be evaluated in several waj none of 
which IS peculiar to this type of test eight loss depth of pitting losa of teiLile 
«trength and microscopic oh-ervation may be applied individually or in combination 
Simple bending maj also reveal interciystallme corro»ion or «o called selective attack 
such as dezincification 


SAlrTSPRAN TEST 

WiLLiAsi Blum* and Leo J ^ ALDRO'it 

PURPOSE AND FUNCTIONS 

The demand for an accelerated corrosion test and the frequent occurrence of 
corrosion m marine environments no doubt account for the original proposal of 
the salt "pray test in which the articles are subjected to a fine spray or fog of a salt 
«ohition Extensive experience has ■diown that although this test jields results 'ome 
what similar to those m marine exposure it does not reproduce all the factors that 
maj be involved in marine service much le'ss under widelj different conditions of 
exposure The salt-spray test should therefore be considered as an arbitrary per 

• National Bureau of Standards Washington, D CL 

t Naval Research Laboratory WoshmgtOD D C 

‘j A Capp A Rational Test for Metal Protect TB Coatings Proc Am Soc Tealmi; ^falena!s 1* 
(II) 474 (1914) 



SALT-SPRAY TEST 


971 


formance test for metals, with or without protective coatings. The validity of thi.s 
test for a given metal or coating depends upon the extent to which a correlation has 
been established between the results of the test and the behavior under expected 
conditions of service.^ 


PRINCIPLES 

A.S usually specified, the test involves exposure of the specimens to a fine spray or 
mist of a solution of sodium chloride at a specified temperature. The fog particles 
settle upon the test surfaces (which are preferably inclined) and thereby constantly 
replenish and replace the film of solution on the surface. The extent and nature of the 
corrosion of the metal or coating after a specified period of exposure serve as a 
measure of quality. 

In order to accelerate corrosion it is advantageous to increase the temperature 
or, with less effect, the concentration (or activity) of the corroding medium. The 
customar 3 " temperature of 35° C (95° F) is not much above the temperature prevailing 
in many' outdoor exposures. The use of a 20% solution of sodium chloride docs not 
accelerate corrosion much above that with a 3% solution (e.g., sea water). 

It is therefore probable that much of the acceleration of corrosion in the salt spray 
results from the repleni.diment of oxj’gen in the film of solution on the metal surface. 
If that film wore stationary, the portion immediately adjacent to the metal (e.g., zinc) 
would become depleted in oxygen if fairly rapid initial corrosion occurred. Con- 
tinued corrosion would then depend upon the rate at which oxygon from the 
surrounding air diffused through the film to the metal surface. If, however, as occurs 
in the operation of the salt spray, the fog particles settle continually on the surface 
and thereby replace the e.xistent film, the oxygen content throughout the film will 
approach more clasely that of a solution saturated with respect to the air. 

Approximate computations show that the amount of oxygen dissolved in the 
volume of salt solution condensed is less than is required for the observed rate of 
corrosion of zinc. If appreciable amounts of oxygen were adsorbed on the surface of 
the fog particles in addition to that which is dissolved in the liquid of the droplets, 
condensation of the fog would result in a solution that is momentarily supersaturated 
with oxygen, wherebj^ corrosion might be still further accelerated. 

This hypothesis is supported by the fact that oxygen reduces the .surface tension of 
water and hence is adsorbed on the liquid particles. Because the ratio of total surface 
of particles to their volume increases as the particle size decreases, the adsorption 
of ga.«es on small particles is relatively large. However, approximate computations 
indicate that on fog particles one micron in diameter, the amount of oxygen adsorbed 
on the surface is only a small percentage of that dissolved in the droplet. It is doubtful 
whether this sm.all increase in the concentration of oxygen on fog particles will 
account for the accelerated corroiion observed in the salt spray or in natural fogs. 

APPARATUS 

CnAjrBEu 

Although it is not necessarj' to .specify the exact apparatus to be employed, certain 
features are essential. The specimens are exposed to the salt .spray in a closed chamber, 
constructed of any corrosion-resistant material, such as albarene stone, slate, pottery, 

- C. n. Sample, “Use and Misuse of the Salt-Spray Test as .Applied to Electrodeposited Metallic 
Finishes," .American Society for Testing Materials, Bull 123, p. 19 (August, 1943); discussion p oo 
(August, 1943). . 1 • — 
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glass, wood, or metal co\ered with rubber or similar material The door or co\er is 
sealed with a gasket or water seal to pre\eiit leakage of fog According to the size 
and number of test specimens, the boxes ma> \ar> m \olume from 03 to 23 cu 
meters (20 to SOO cu ft), thO'e of the largest size being small rooms One purpose of 
recent specifications;^'* is to insure similar results regardless of the size or design of the 
boxes A topical small box is shown m Fig 1. 

@ 



® 

Flo. 1 Diagrammatic Sketch of Salt-Spray Bo* U'cd at National Bureau of Standards 
1 Exposure chamber 2 Remorable cover 3 Water eeaL 4 %'ent S Sewer outlet. 

SoLtmox Reservoir 

A few dajs’ supply of the salt solution is usually kept within the box in a com- 
partment, thim pret enting contammation by the drip of solution that has conden«ed 
on the specimens Occasionally an external container, such as a carboj’, is used to 
supply solution to the nozzles 

Nozzles 

The spraj or fog is generallj produced by blowing humidified air through an 
atomizer so that the solution is contorted mto a stream of fine particle® The nozzles 
maj be made of glass, hard rubber, plastic, 70% Ni^0% Cu alloy,* or other corrosion 

* MoneL 

* ‘ Tentative Method of Salt Spray (Fog) Testing' ytXTJ/ fstandarda, B117— 44T, Part U P 723 
(1946) 

* Federal Specification TT-P 141a Paint, Vanash, Lacquer, and Related Matenals General Specifica- 
tion for Sampling and Test Methods ’ 
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resistant metals. Sketches of typical nozzles arc shown in Fig. 2. As far as known, 
no critical study has been made of the effects of design of the nozzles on the amount 
or size of the fog particles. 


Baffles 

If the spray as produced were allowed to impinge directly on the specimens, marked 
localized effects in the corrosion might result from convection currents or from the 
presence of relatively coarse and more rapidlj’ settling particles in the spraj'. Greater 
uniformity is obtained bj^ directing the spray against baffles, on which the larger 
particles condense. In Fig. 1 the end of the box serves ns a baffle and at the same time 
returns to the reservoir about 75% of the sprayed liquid, in an uncontaminated state. 


AIR 



(a) 


]^A1R 





SOLUTION 

(b) 


Fig. 2, Typos of Nozzles Used for the Salt Spray. 

(o) High-pressure Monel metal nozzle (10-25 lb air pressure). (6) Low-pressure glass nozzle (10-15 
ib air pressure). 


Exhaust aoti Drain 

It is necessary to remove from the box practicallj' the total volume of air intro- 
duced plus the solution that has settled on the specimens or within the test portion 
of the box. This may be done readily as in Fig. 1 by passing the air and spent solution 
into a pipe connected both with the sewer and with a ventilating stack. The exhaust 
gases should be carried away from the building because they contain corrosive fog. 


OPERATION 

During the past few years efforts-'’’*’-" have been made to obtain more reproducible 
results. The definition and range of each factor in the propo.<ed spccificatiousS.o.io 

^ "Summnry of Important Factors in Salt Spray Testing," Cirr. 070, National Paint, Vanhsh, and Lac- 
quer Association, Scientific Section, Februarj', 1944. 

'E. IL Dix, Jr., and J. J. Bowman, "Salt Spray Testing,” Sr/mpo.-jiiim on Corrosion Tesiing Procalures, 
Chicago Regional Meeting, American Society for Testing Alaterials, p. ~u (1937). 

‘ Y. M, Darsey, "The Salt Spray Test," American Society for Testing Materials, Bull. 12S, p-31. May, 
1944. 

® "Salt Spray Testing of Non-Ferrous Metals," .4. S. T. At. SlajuUirtLst B117-44T, Part I, p. 1843 
(1944). 

’ Pcderal Specifio.ation TT-P-141a, "Paint, Varnish, Lacquer, and Related .Materials; General Specifica- 
tionjor S.ampling and Test Methods.” 

Federal Specification QQ-M-151a, “Metals; Gcncnal .Specification for In.-pection of." 
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aibilTary atid do T»ot liecessa^dy Travi\i la ibe mcsi severe corrosion Tbe purpo e 
IS to specify the important factors so that they can be controlled 

Salt Solution 

The test is now most generally applied -with a 20% solution of sodium chloride 
although 3 5 or 10% solutions are sometunes Used Available evidence indicates that 
the salt concentration is not an important variable, but that with some metals the 
20% solution IS somewhat more corrosive The ox>gen solubility of the 20% solution 
IS less affected by temperature than a solution of lower salt concentration n One 
objection to the higher concentration of salt is a greater tendency to clog the nozzles 
but this IS av oided if the air is properly humidified 

Chemically pure salt la desirable but expensive so that ‘dairj «alt, contamino- 
at least 99^% NaCl and not more than 01% Nal, is often u«ed Dietilled water is 
preferable, but natural water containing not more than 200 ppm of total solids is 
acceptable The solution should be neutral i e , the pH should be between && and 72 
measured electroraetncally or colonmetncally, and adjusted b> dilute ECl or haOH 

In the effort to simulate marine exposure, natural or synthetic' sea water has 
sometimes been used* It is probable that its content of other «alts, especially of 
magnesium chloride makes the sea water "omewhat more corrosive than pure salt 
Heussnerti reported that sea water was more corrosive than 207ti NaCl solution on 
steel plated with nickel and chromium at 35* C (95* F) but about equal at 22* C 
(72® F) Since, as mentioned the salt-spray test docs not u«ually approximate actual 
marine exposure, the extra trouble and expense m using sea water are hardly justified 

Tesiperature 

Because corrosion, like other chemical reactions la markedly affected by tem- 
perature, operation at a constant temperature is essential for reproducible results 
‘Room temperature varies widely at different times and place so that temperature 
control IS necessary Because beating is more easily applied and controlled than 
cooling, an elevated temperature is preferable and it also accelerates the corrosion 
Practically it has been found that a temperature of 35° C (95° F) can he readily 
maintained, and it is now specified****** with a permissible range within the box 
from 33 5° to 36° C (92° to 97* F) 

Temperature control may be accomplished by (1) placing the apparatus m a 
constant temperature room, e g , at 37* C (99* F) , (2) apply mg heat through a 
surrounding water jacket, or (3) heating the incoming air A fourth method u e of a 
heater immersed m the re«ervoir, is undesirable because it loads to large local 
variations in temperature and humidity 

Tlie temperature of the air within the box will tend to be lower than the surround 
mgs because of (1) cooling of the air by expansion (the Joule Thompson effect) 
which Is Usually not greater- than about 02*C (04° F) and (2) cooling by 
evaporation of water The ■second effect is small if, as is advisable, the air delivered 
to the nozzles is nearly saturated with water The temperature should be measured 
and controlled m the portion of the box where the test samples are placed 


• Recently a fornjilla for synthetic ocean water baaed on alt available data was pubi -bed (T P May 
and C E BlaoW’^Sywthetvc Ocean W eter itfdsat ReaeartA iaboratori/ Report P 2009 August 1946) 
n C E fie^sner Companson of Salt Spray and Ocean Spray Testing Educational Sessions Proc 
Am Eleclroplalers Soc pp 75-88 (June 8 1942) 

>2 Tentative Method of Salt Spray (Foe) Testing A S T Slandardi BUT-iiT Part IB p 773 


•3 Federal Specification TT P 141a Paint Aarnish liequer and Related Mater als General ‘*pec Sea 
I on for Sampling and Test Methods 

Federal Specification QQ-M 15Ia Metals General Specification for inspection of 
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The Am 

The air used for producing the spi-ay should be free from dust, oil, an excessive 
amount of liquid-water particles, and any foreign gases. It should contain suffi- 
cient water vapor to bo approximately in equilibrium with the vapor pressvwc of the 
salt solution at that temperature. 

The removal of impurities from the large volumes of compressed air employed 
requires efficient filters that must be checked and cleaned at intervals. Passage 
through water towers will remove such harmful gases as sulfur dioxide, and rvill 
humidify the air. 

To be in equilibrium with a 20% NaCl solution at 35° C (95° F), the air (at 
atmospheric pres.mro) should have a relative humidity of 84% (with respect to pure 
water). This humidification of the air is rendered difficult bj' the fact that the 
saturation with water must take place while the air is compressed, but must be 
adequate when the air is released to atmospheric pressure.^® If, e.g., the air has 100% 
humidity at 35° C (95° F) and a pressure of 0.8 kg/sq cm (12 psi) above atmospheric, 
when it is expanded to atmospheric pressure at 35° C it will have a relative humidity 
of only about 55%. In order to introduce sufficient water vapor into the air at 0.8 
kg/sq cm (12 psi) to yield 84% humidity at 35° C and atmospheric pressure, it is 
necessary to preheat the compressed air (or the water) to about 43° C (110° F). 
Although this preheating is advantageous, it is not always necessary, because the air 
that parses through water towers usually carries some liquid-water particles (fog) 
with it. When the air is saturated at the same temperature as the room, 35° to 37° C 
(95° to 99° F), it may even carry over water sufficient to slightly dilute the salt 
solution. 

Atojiization 

Method. Use of the nozzles described above leads to the formation of a finely 
divided fog of salt solution, which moves through the box from the baffles to the exit 
at an average velocity determined by the rate at which air is introduced and the cross 
section of the box. Although much work has been done recently upon the character 
and concentration of the fog, these results have not been directly correlated with the 
design or operation of the nozzles, or with the number required for a box of given 
size. On general principles it is an advantage to use at least two nozzles in a box, as 
then the failure of one nozzle will not completely interrupt operations. 

Fog Characteristics. Although it is known that the fog particles must be 
extremely small to be carried along by slowly moving air, no measurements of their 
size have been reported. Compulations based on the amount of liquid in a liter of 
fog and the rate of settling indicate that the particles are of the order of 5 microns 
in diameter. Observations in a box with a volume of about 12 cu ft (0.35 cu meter), 
operated to meet the present specifications indicate that each liter of fog contains a 
total of about 0.1 ml of salt .solution, or 20 mg of NaCl. 

The concentration of salt in the fog particles depends not onlj’ on the concentration 
of the solution in the reservoir but also on the humidity of the air delivered to the 
nozzles. If this is lc.=s than 84% at 35° C (95° F), the fog particles from a 20% salt 
solution will rapidly la-e water and become more concentrated, and vice versa. The 
most serious objections to an increase in the concentration of the fog are (1) tendency 
to clog the nozzles and (2) tendency to form “dry” fog, rvhich docs not wot the 

** V. M. Darecy, "The Salt Spray Teat," American Society for Testing Materials, Bwll. 128, p. 31 , May, 
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epecimens (posajbly becau:5e {he outer surface of each particle may then consist of 
«ohd NaCl) To avoid either concentration or dilution of the fog the specifications 
provide that the Lquid conden ed from the fog must have a salt content between 
18 and 22% i e a cp gr of 1 126 to 1 157 when measured at a temperature of 335' 
to 36“ C {92“ to 97“ F) 

As suggested abov e the moot important factor in the corrosion is the rate at which 
the fog settles out on the specimens Darsej*® recognized thio factor and dev^®ed an 
ingenious method for collecting the condeiL-ed liquid the volume and concentratioa 
of which can then be mea-ured He employed a circular glaos funnel 10 cm (4 in) 
in diameter into which the fog settled and then drained into a graduated cylinder 
A still simpler form employs a circular cryoHllmog diah of any convenient diameter 
which may be placed in any part of the box 



Fig 3 Curve Showing the Relation between Settling Rate and Distance the Mist Travels 
from a Glass iVozzIe 10 to 15 lb Air Pressure 

"With this device many ob ervations have recently been made on the rate of settling 
m salt spray boxes of different types and sizes On this basis tentativ e limit.? hav e 
been set of 0.5 to 3 ml of solution per hour condensed on a horizontal cucular gurface 
10 cm (4 in ) m diameter (about 80 "q cm or 12 sq m ) The^e limits can be more 
conv emently expre.- ed as 0 15 to 0 9 ml/^q cm/day in order to make use of collectors 
of any ize The corresponding depths of condensed liquid in any container with 
parallel ides are 0 15 to 0 9 cm in 24 hours 

The rate of 'ettUng of fog at a given point is determined by (I) the average size 
of the fog particle^ (2) the number pre ent in unit volume (3) the distance from 
the source and (4) their horizontal velocity In Fig 3 it la shown that 60 to 80% 
of the liquid in the fog condenses withm 1 meter (3 ft) of the source under the 
conditions ined m this box 

The effect of the rate of ettling upon the rale of corrosion of zinc is shown in 
Fig 4 This confirms for zinc the bebef that at least 05 ml/80 sq cm/hour (0 15 

>• I Vf Varsey The Salt ®pray Teal, Amencan Society for Teat ng Matensta Bull 128. p 31 '‘1*5’ 
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tnl/sq cm/day) is necessarj’ for satisfactorj' operation of the salt spray, but indicates 
no sharply defined upper limit. Further studies with other metals are desirable. 

Specimens 

Size and Shape. The articles may either be actual devices, large or small, to be 
subjected to acceptance tests, or specimens prepared for the purpose. In the latter 
case, several relatively small flat pieces, e.g., 10 X 15 cm (4X6 in.) are desirable, 
with which duplicate results are obtainable. When tensile tests are to be made, the 
size and shape of the samples are usually specified. 

Preparation. Unless specimens are to be tested as received, it is desirable to clean 
the surface to remove any grease or foreign materials that might affect the corrosion. 
Metal surfaces should be cleaned by organic solvents, soap and water, or magnesium 



Fiq. 4. Ilclation between Settling Rato of the Mist and Loss in weight of Sheet Zinc Exposed 

for 24 Hours to Salt Spray. 

oxide and water, until the surface is completclj' wot by water, i.c., there is no 
"water-break,” Paints and other organic films may be wiped with clean dry cloth 
or paper. 

Mounting. Because con-osion is accelerated by the settling of the fog, it is desirable 
to have the principal surfaces inclined so as to have a horizontal component and to 
permit drainage and fairly close spacing without masking each other. Flat specimens 
arc conveniently held at about 15° from vertical and parallel to the principal direction 
of flow of the fog.* Vertical suspension, formerly used, results in less severe and loss 
uniform corro.=ion. The specimens should be supported by non-mctallic racks or hooks, 
made e.g., of wood, glass, or waxed string. They should not be in contact with each 
other or with the box, and should not permit solution condensed on one specimen 
to drip on another. 

• In Kcncral, when apccimeiw arc ti«ed solely for thcaalt-apray teats, tlie condition of the under surface is 
disrcRardcd in rating the results, since usually very little change occurs there. However, if the actual 
behavior ot such material in service is involved, any chnnRcs in the condition of the under surface should be 
reported. In extreme c.ases, it may be deeir.ablc to wax or paint the lower surface, but usually this is not 
d-U)c it the two surfaces arc in essentially the same condition at the beginning of the test. 
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Inspection The boxes aregenerallyoperatedcontmuoualy,andm«pectionsareinade ’ 

at specified intervaU, first shorter, and then internals of 24 hours after the first day 
At the conclusion of the period specified for the test, the specimena are removed 
rinsed in warm water, and immediately dried In specific cases, corrosion products 
may be brushed off to rev eal the condition of the underlying metal. 

Results 

Expression The type of inspection will depend upon the materials involved, but 
Usually includes qualitative or semi-quantitative observations on the character and 
extent of corrosion or other surface changes The change in tensile strength or elonga- 
tion may serv e as a measure of the corrosion In any case, the results are usually 
expressed (1) as the relative behavior of two or more materials, especially in research 
work, or (2) as to whether the material meets the pertinent specification 

Interpretation. In the final analysis, the results of the salt-spray test merely 
represent the behavior of the material under tho«e conditions For specification 
purposes, this performance test is justifiable if research and experience have shown 
that there is at least an approaimale relation betsveen this test and the expected 
conditions of service 

This test IS also of value m research, especially to compare the behavior of similar 
coatings or materials, but not of widely different materials Comparisons of similar 
products do not justify' predictions of their actual life, especially under widely 
different conditions, but they may indicate the relative life of the articles, especially 
under marme conditions 


GENERAL REFERENCES 

"£Iectrod»p<Mit«d Coatiogs of Nickel ao<t Chromium on Sleel," A S T M SUtndatit A16M1T Part 
I, p 14 m (1942) 

Fcr<r A N ‘Method of Making the SaltSpray Corroeion Test. Proe Am.Sot TitUng Mumali 1B(!) 
237 (1918) 

Gboesbbck, £ C , and W A. Tccseb, "Accelerated Laboratory Corroatoa Test Methoda for 2iEe-Coai«l 
Steel, ’’-r RtiearehSatl iSur StandaTd$ 21 272 (1938). RP 10 
Mtnt:Ki.ER.W H R yy Bczzasd and P W C SnuyssEit ‘Salt Spray Teat," LetirrCirc 530, National 
Bureau of Standards, luly 1, 1938 

Rawoov H S , A. I Kbtmtskt, and W H Fi.vKixi>Er, * Types of Apparatus Used in Teating the Cor- 
rodibJity of Metals,’ Proc Am Soe TVating i/oteriofe, 21 (II), 717 (1924) 

Report ol Subcommittee III of Committee B-8. Proc Am. Soc Tttlxna Matmali, 43. 187 (1943) 
STRABsaES.P W C,A Bbev'.er, andW Bixia,“AcceleTatedTe8t9of NickelaodCbronuumPlatingon 
Steel,” J Rtitarch A'alf But SUintlarilt, 13, 519 (1934), RP-724 _ 

Waldrov, L. J 'Basic Requirements in the Standardisatioa of the Salt Spray (Corrosion Test, Proc 
Am Soc Tahns SlaterviU, 44, 6o4 (1944) 

POTENTIAL MEASUREMENTS AND 
ELECTROCHEMICAL TESTS 
H E Haring* 

The electrochemical theory of corrosion i» relativ ely’ new and far from complete, 
although remarkable progress faa» been achieved m it* development within the 
paot years In consequence, electrochemical techniques based on this theory are of 
still more recent origin Most of these techniques are in a state of flux and develop- 
ment and are not sufficiently fixed to be recognized as standard procedures In other 
words, they are methods for study rather than methods for test For thia reason, 

• BeU Telephone Laboratories Murray Hill, N J 
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in this chapter emphasis will be placed upon the scope, status, and future possibilities 
of electrochemical methods for corrosion testing rather than upon a detailed descrip- 
tion of testing procedures, which in many cases have been used onlj' by the original 
investigators. For a detailed description of these procedures, the original sources 
.should be consulted. 


DIRECT AND INDIRECT METHODS 

For purposes of discussion, electrochemical methods for corrosion testing may be 
divided into two classes, which will be termed “direct” and “indirect.” A direct method 
may be defined as one based upon the electrical expression for the corrasion reaction, 
viz., Ohm’s Law, / = E/R. In this case I is the current flowing between the anodes 
and cathodes that exist on the surface of a corroding metal, and therefore by virtue 
of Faraday’s Law is a direct measure of the rate of corrosion; E is the difference 
between the working potentials of these anodes and cathodes; and R is the resistance 
of the electrolyte between them. An indirect electrochemical method ma.v be defined 
as any electrochemical method not based directly upon the laws of Ohm and Faraday. 

Theoretically I may be measured directly or calculated from a knowledge of E 
and R. However, it usually is impracticable, in the light of present knowledge, to 
isolate the anodes and cathodes and subject them to measurement. Nevertheless, the 
resultant of anodic and cathodic potentials that exist upon the surface of a metal 
in contact with a corrosive environment can bo measured and plotted against time. 
For a detailed discussion of these potentials, their effect on corrosion, and the manner 
in which they combine to produce an overall resultant and measurable potential, 
the reader is urged to consult Evans,i and Burns and Schuh,^ as well as Fundamental 
Behavior oj Galvanic Couples, p. 481. 

If it were possible to measure I, the corro.sion current, as the corrosion reaction 
proceeds, there would be little need for any other type of corrosion test, except those 
that provide information on corrosion distribution, because according to Faraday’s 
Law the amount of current that flows in a given time is a quantitative measure of 
the amount of metal that has corroded in that time. Unfortunately the measurement 
of this current has been possible to date in only a limited number of tests that permit 
isolation of the anodic and cathodic arens.^ The corrosion current usually can be 
determined more readily by measuring the quantity of hydrogen discharged (or 
oxygon consumed) by the corrosion reaction or the actual amount of metal that has 
reacted, e.g., by means of the polarograph. 


THE POLAROGILVPH 

The polarograph^ is an electrochemical device admirably suited to the determina- 
tion of minute quantities of dissolved metals. The very definite value of the 
instrument for this purpose is demonstrated by Fig. I. This is a graphic summary 
of a study of the rates of solution of two grades of lead, known to the trade as 

* U. U. Evans, Mflnllic Corrosion, Passirity and Protection, 2n(l Ed., Edward Arnold and Co., London, 
1037. ■ 

- R. M. Burns and A. E. Sohuh, Protective Coatings for Metals, Reinhold Publishing Corp., New York 
1030. 

^ R. 11. Brown and R. B. Mears, Trans. Electrochem. Soc., 74, 403 (193S), R. H. Brown and R. B. Meats 
Trans. Faratlay Soe., 35, 4G7 (1030). L. J. Benson, R, H. Brown, and R. B. Mcar^, Trans Electrochem 
S‘x., VG. ".lO (1030). 

* I. M. Koltho!! and J. J. Lingane, Polarography, Inlerscicncc Publishers. Inc., New York, 1041. 
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(1) chemical” lead and (2) corroding lead m distilled water at room temperature? 
The results of duplicate runs on a standard lead solution are shown m the graph at 
the top of Fig 1 The length of the current step i a measure of the lead content 
It will be noted that the chemical lead dissohea more rapidly than the corroding 
lead for the first hour or two {as indicated 
bj the current), but that thereafter thej 
behaie «irailarlj 

It la possible to determme concentrations 
of (wo or more ion* in the same measure 
ment with the polarograph provided that 
their deposition potentiaN on mercury differ 
bj 02 \ olt or mo e Thia fact suggest* the 
use of the instrument for determining the 
corrosion ratea of the conatituento of com 
ple\ allojs The cathode ra 3 o cillograph 
has been uaed in conjunction with the drop 
pmg mercury cathode to provide ginular 
results much more rapidlj ® This n, but one 
of mao> t>'pes of problem* m the field of 
coiTOLion research to which the OLCillograph 
ought be applied to advantage 


POTENTIAL-TIME CUR^TS 
Potential time curves so called fre- 
quently ha\ 8 been Uaed to determine 
whether a metal is active or psaaive Thn 
possibility IS illustrated bj Fig 2 in which 
(he potential time behavior of iron im 
mer«ed in water and a vanetj of water solu 
tions la compared with the time potential 
behavior of 18-8 chromium nickel stainl&» 
steel immer*ed in tap water It will be obcerved that in ■'ulfuric acid which is known 
to corrode iron the potential rapidly become* stronglj electronegatn e (anodic) with 
^foie la wafer (be peteatasl of mwr SnC ftwimnsf mare ej’eefnjpO'Tfrt e 
thus suggesting the pre ence of an air formed film and then move* m the electro- 
negative (anodic) direction indicating that thia film is breaking down and that 
active corroaion is taking place Careful lO-pection of the specimen after the te't 
confirms this theory Stamle&s steel which does not corrode appreciablj in tap water 
IS strongly electropoaitn e (cathodic) when immcr'ed in it As might be anticipated 
iron immersed m a chromate solution behave* siniilarly 

The potential time method for determining whether a metal is or is not passive has 
been apphed to a sufficiently wide vanetj of metal* and environment* to be con 
'idered b> some inv eotigators as a reasonably reliable method for te*t Others question 
its value for thn. purpo*e becau'e m certam in*tance* lhe 3 have observed corro-ion 
notwithitanding the fact that the potential time curve* indicated passivity Probably 
this apparent discrepancy is due lo the fact that the potential measured was the 

*R.M Burn* J Appited Phy$ 8 395(1937) 

* L. A. Vlatheson and \ Nichols TVora* Eleetnehem. Soc 73 193 (193S) R. H. MuDer B- 1- Garmia, 
M E Droz and J Petra* Ind Eng Chem AnaL Ed. 10 339 (193S) 
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potential of the entire electrode, while the corrosion observed was the corrosion of 
isolated areas. Obviously the potential-time and visual methods for detecting corro- 
.sion should be made equally discriminating if the results obtained are to be compared. 
If an isolated or pitting type of corrosive attack is anticipated, the potential-time 
measurement should be made upon a large number of small areas and not upon one 
largo area. 



Fig. 2. Potentials of Iron and Stainless Steel in Water and Aqueous Solutions. 

It should be empluisized that potential-time curves provide little if any information 
on the rate of corrasion ; they should be regarded primarily as a means for determining 
corrosion tendency, as is indicated in Fig. 2 by curve 3 for iron immersed in sulfuric 
acid containing diethylamine, an inhibitor. The corrosion rate is known to be 
markedly reduced by the inhibitor, but this fact is not reflected by the curve. 

The use of potential-time curves is not rastricted to metals in direct contact with 
an aqueous environment. It has been demonstrated (refer to Testing of Organic 
Coalings, p. 1023) that the corrosion behavior of painted iron can bo studied" by 
using a vacuum tube electrometer® in conjunction with the usual reference half cell 
and a recording potentiometer. Much valuable information concerning the protectiv’e 
value of paints and the nature of their protective mechanism can be obtained in 
this manner, and it is anticipated that relatively "foolproof” methods for electro- 
chemically testing paints eventually will be developed along these lines. 


RESISTANCE MEASUREMENTS 

Measurements of the resistance of the corrosive environment have not been widely 
employed in corrosion testing. However, such measurements have served a very useful 
purpo.=e in estimating the corro.sivity of soils (p. 1038), ground water, and other dilute 
electrolytes particularly when used in conjunction with a knowledge of the nature 
of the anions present and the solubility of the corrosion product that they form wth 

" R. M. Ilurni and II. E. Ilarinp. Tranr. Electrochem. Soc., 69, 1C9 (1030). H. E. Haring and R. B. Gib* 
noy, Trans. EUctroebem. Soc., 76, 287 (1039). 

*lv. G. Compton and H. C. Haring;. Trans. EUclrochem. Soc., 62, 345 (1032), D. B. Pcnick, Her Sci 
Injlrumcnls, 6, 115 (1935). 
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the metal in question ® The indications are that this tj pe of measurement should be 
emplojed much more extenaueb particularly for those tjpes of corrooion that are 
known to be ‘ resistance controlled ’ 


SUBFACE ANALYSIS 

The preceding discu^ion indicates that the so-called direct method, for corrosion 
te ting are not well de\ eloped and that the indirect methods are the most useful at 
the pre ent time Probablj the pnmarj reason foi the undeveloped state of the direct 
methods is a lack of knowledge of the ph>'!ical and chemical nature of metal surfaces 
and of their electrochemical behavior m varioua electrolytes Actually such knowledge 
frequently is all that is required to permit the prediction of a corrosion rei,ult or the 
explanation of a corrosion phenomenon The remainder of the chapter will be devoted 
to a di^cusciion of methods which may he employed to obtain thi* basic information 
^\ell known electrochemical method, that have been u'ed for qualitatively 
analyzing metal surfaces are the ferroxyl test (p 1033) and a wide variety of other 
so-called electrographic method, Such methods which are based upon the chemical 
reactions and corre ponding color changes that can be made to take place at metal 
surfaces a, the result of an inherent galvanic potential or an externally applied 
electromotive force are proving to be an effectue method for mapping metal sur 
faces particularly if the dis-imilar areas are macroscopic m eize 
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Fig 3 Typical Sulfation Curves (or Lead Pb-Sb and Pb-Ca in 7 A Hs'^Oi 


Other electrochemical methods with distinct quantitative possibilities are available 
Tlie«e methods are ba^ed upon obeervattoo of the electrochemical behavior of a 
metal as induced either by an inherent galvamc couple or by an externally applied 
electromotive force They differ from electrographic methods in that they are 
electrometric in character rather than colonmetcic and quantitative rather thin 
qualitative For example when a Pb Sb alloy isimmer-edin ulfunc acid a potential 
time or ‘sulfation curve «uch as that shown in Fig 3 is obtained Initially the 
potential measured is practically that of lead but withm a short tune because of 
couple action between the portions of the surface that are essentially lead (the 
anodic areas) and the portions that are essentially antimony (the cathodic areas) 

» R. M Burns Sell System Tech J IS COS (1936) 

H. W Herraanee Sell Lab Record 18 269 (1940) M S Huntor J R ChurthUJ and R B Vltafs 
Metal Progress 42 1070 (1942) 

“H E Haring and U B Thomas Tram SlatnehmSoc 68 293 (193o) 
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the anodic areas become coated with an insulating film of lead sulfate and the 
potential changes abniptly to that of the residual antimony areas. The time required 
for this change to take place is a measure of the antimonj' content of the surface, as 



Fio. 4. Effect of Antimony Concentration on the Sulfation Time of Pb-Sb Alloys. 
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Fig. 5. Anode Potential-Time Curves for Lead. Pb-Sb, and Pli-Ca in 7 N H:SO< at a Cur- 
rent Density of 0.001 amp per sq dm. 

is shown by Fig. 4, in which the time required for sulfation, i.e., insulation of the 
anodic avea.s by lead sulfate, is plotted against the antimony content of the alloy .'ll 
Similar result.^ are obtained if the Pb-Sb alloy is made anode in a sulfuric acid 
solution.il The.se are shown by Fig. 5, in which are plotted the anode potential-time 
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cur-es for lead, Pb-Sb, and Pb-Ca allojs m 7 ^ H2SO4 at a current densitj of 
0001 ampAq dm It will be noted that there are three ®teps m the curve for Pb Sb 
alloy, due to (1) the "ulfation of the lead areas, (2) the solution of the antimonj 
areas and (3) the oxidation of the sulfate coated areas to lead peroxide The potential 
of the step identifies the reaction, and ita duration at a giv en current density indicates 
the quantilj of reactant It is concenable that from such data obtained m properb 
selected electroljtea the anodic and cathodic areas on the surfaces of a variety of 
allojs could be identified and their total areas could be computed 



time in seconds 


Fio 6 Cathode Reduction of Mixed Films on Copper and Silver (Campbell find Thomas ) 


FBm Compotilv/i 

1 Cuprous onde^uproi 

2 Iver oxide-«VvBT 
sulfide 


Current Oennltf 
0 05 miUiamp/eq cm 

O 09 m U>aiop/eU cm 


Film Tliwitne»» 
69 A - CujO 
130 A - Cu»S 
4.70 A - AfcQ 
4S0 A - AgjS 


This method may be tued jd rever«e as an electrocbeaucaJ method for ijuahtstneJ} 
and quantitatn elj anabzing taroi'h films on metal surfaces The tarnished 
specimen is made cathode m a suitable electrolj te at a coii.tant current dcositv and 
the resultmg cathode potential i» plotted against time The potential at which reduc 
tion takes place identifies the compound being reduced, and by virtue of Farada> a 
Law the duration of reduction at a given current densitj indicates the quantity 
present The po-...]bilitics of this method of analj'is are illustrated b) Fig 6 m 
which are plotted the cathode reduction curves for mixed filnt. of (1) cuprous oxile 
and cuprous ®ulfide on copper and (2) silver oxide and 'ilver sulfide on giKeri^ This 
method haa been limited to the reductions that ma> be accompli bed in aqueous 
solution at potentials more cathodic than the discharge potential for hydrogen but 
the indication, are that by re orting to a non aqueous electrolyte it may be extended 

“DR Evans and H. A M ley Nature 139 283 (1937) 

1J\\ E Campbell and b B Thomas Trans Electroefetn Soc 76 303 (1939) 
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to include the more anodic reductions as well n If it can be so extended, analysis of 
the tarnish or corrosion films on any metal ma> be within its scoiie 

CURRENT DENSITY CUR^'ES 

Current densit 3 '-time ciines lesulting fiom the application of a constant vollfige 
may sometimes be employed advantageoualj- Foi example, the suiface of aluminum 
and some of its allois ean. he “analjecd” by anodizing in a suitable film-foiming 
electroljte at a fixed potential Initially the curient that flows is high, but it rapidlj’ 
decieases and in a shoit time becomes constint at a “leakage cuiient,” which is a 
measuie of the soluble constituent* in the suiface of the alloj' as well as of the 
poiosity of the anodized film The fact that leakage cuiient is an excellent measuie 
of porosity suggest* a method that might bo applied in studies of the poio-iitv of those 
metallic coatings which can be filmed o\er and insulated m a suitable electioljte 
Lead and aluminum aie obvious example* of such metal* 

Pasaiie films on feirous metals haie been studied bv (hemicil titiatioii with a 
chloiide EoIution,ij and al*o bj^ anodic tieatment in halide solution* A ciitical 
sin ley of these methods has been published 

Potential-cuiient density cuiies haie been u*ed in corio'ion studies as a moans for 
detei mining the electiochcmical behaiior of a mimbei of metal* when anodic and also 
when cathodic 18 Anode potential-cuiront density measuionients piovide information 
on the film-foiming and film-bieakdown ch iiacteiistics of metals in laiious elecUo- 
lytes,io and cathode potential-cuiient density measurements indicate the pieseiice 
or absence of cathodic aieas, which maj' piomote coiiO'ion bj' facilitating hydiogcn 
dischaige Foi example, the cathode potcntial-cinient density ciines in Fig 7 show 
quite cleaily that aieas of low hydiogen oieivoltige (antimony) exist on'the suiface 
of the Pb-Sb alloj' tc The extent of depolaiization of the hvdiogen discharge cuive 
in this particular case is a mea=ure of the antimony content of the alloy A frequent 
erior in the application of potential-curient density cunes in coiiosion studios has 
been the use ol ciinenl densities far in excess of the cm rent densities that actuary 
prevail in the coirosion process. Conclu*ions drawn fiom such data should take this 
factoi into account 


HINTS ON PROCEDURE 

Mo't of the apparatus lequiied for potential moasurcinents and elecliocliemical 
tests of the type desciibcd is standard electiical and chemical laboiatory equipment. 
The measurement of the potential of indnidual electiode* niu*t be accomplished wuth 
a minimum of curient flow in the measuuug ciicmt, so that neither the electiode 
being moasuied noi the jeforenco electrode will be appreciablj- polarized A potenti- 
ometer, a laciium tube loltmetei, oi some other piacticalty zeio-current instiumcnt 
miv be employed foi the purpose For conienience these deuces should preferably, 
though not necessarily, be of the continuous lecoiding lariety. If the potential must 

R 11 Gibnc} and II E Hnnng, unpublished CTperiaicnls, Bell Telephone Laboratories Murrn> 
Hill, N J 

u r Fenuick, /nd Eng . 27, 1095 (1935) 

J Donkcr and K PengK. Aorrosjoa u MclallschuU, 3, 217, 241 (1927) S Brennert, J, Iron 
Sleelln^l (lyondon), 135, 101 (19!7) 

II II Uhhg and John Wulfl, Trans Am Insi Mining Met Engrs , Iron and Steel Diiasion 13B, 
494 ( 1039 ) 

W Blum and II S Randon, Trans Elrrlrodiem. Sor , B2, 403 (1927) 

n E Haring and U B Thomas, Trans Elcctrochcm Eoc , 68, 301 (1935) 
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be measured through a high resistance, eg, through a paint film, the ordiniTy 
potentiometer will not suffice unless uaed in conjunction with a vacuum tube circuit 
such as that previously mentioned 20 The vacuum tube instruments now commercially 
available foi gla&s electrode work are also suitable for this purpose 
The reference electrode is preferably, but not necessarily, selected to match the 
electroljde, eg, a calomel electrode or a silver chloride electrode 13 preferred for 
chloride solutions, a mercurous sulfate electrode for sulfate solutions, and a mercuric 
oxide electrode for alkiline ''olutiono Special precauiions should be taken to prevent 
contamination of the electrolyte in the test cel] by diffusion of electrolyte from the 


Fic. 



Cathode Potential Current Density Ctrves for Lead, Pb-Sb and Pb-Ca in 7 A 
HjSO* 


reference half cell, unless the two are identical Tliio precaution is particularly impor- 
tant if the tip of the reference electrode la m actual contact with the electrode being 
studied A convenient method for preventing such contamination is to effect a 
junction between the two electrolytes at some distance from the point of measure- 
ment, e g , by using an auxiliary lip on the reference electrode and filling it with the 
electrolyte being studied 21 

An extremely simple but effective type of reference half cell la shown in Fig 8 
A sih er wire coated with a film of silver chloride serves as a silver chloride reference 
electrode, and the electrolyte, common to both teat cell and reference half cell, is a 
known chloride solution The tip of the reference electrode is brought into direct 
contact with the electrode being measured if current la flowing to or from the 
specimen under observation, otherwise IB drop is included m the measurement Such 

G Compton and H E Hanng Trana EUdroehem Soc 62 345 (1932) D B Pemck Rn Sex 
(nslrumenla, 6 115 (1935) 

II E llariiu Trant EUdroehem Soe 49 417 (1926) 
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contact is also nccessarj’' if it is desired to measure the potential of a particular 
small area upon anj^ electrode. 

Potential measurements are usually made with the test specimen completely 
immersed. Sometimes, however, it is desirable to wot an extremely small area only; 
in such mca.surcments a drop of the desired electrolyte may elfect a junction between 
the test specimen and the tip of the reference half cell. The tip of the reference half 
cell is upturned to prevent trapping air or gas bubbles, which might break the 
continuity of the measuring circuit. 

Experimental conditions should coincide as closely as 
possible with intended service conditions unless such pre- 
cautions have been demonstrated to be unnecessary. In this 
connection, the presence or absence of atmospheric oxygen 
may be of considerable importance. In certain instances 
the potential of an electrode is influenced b 3 '' the concentra- 
tion of dissolved oxj'gen and by the depth of immersion of 
the electrode in the electrolj’te. The latter effect is duo to 
the difference in oxygen concentrations at various levels. 

Sometimes the higher oxj'gen concentration at the water 
line causes this section of the electrode to be cathodic to 
the more deeply submerged portion. On the other hand, the 
water line region may be anodic to the more deeply sub- 
merged region because a downward flow of heavy, corrosion 
product-laden electrolyte causes an influx of fresh and 
therefore more corrosive electroij'te at the water line. 

Whether or not the potential of a given electrode is 
adversely affected by tliese influences and the manner in 
which these or other undesirable effects maj’- be avoided 
is another matter, which at this stage of development must 
be left to the judgment of the investigator. Insulation of 
the water line has solved the problem in certain instances; 
a nitrogen atmosphere has been used to advantage in others. 

Obviouslj' any undesirable effect due to oxygen or any other Fio. 8. A Simple Method 
cause must be detected and eliminated, or at least properl}’^ for Measuring Electrode 
interpreted, before a method for studj' can be utilized as a Potentials, 

reliable method for test. 

Methods for measuring electrode potentials that do not require the use of reference 
half-cells have been suggested^! and in certain instances may be applied to advantage, 
but, in general, for corrosion study a recognized reference half cell should be con- 
sidered as essential and standard. 

TESTS FOR CORROSION FATIGUE 

Blaine B. Wescott* 

GENERAL CONSIDERATIONS 

Methods and apparatirs used for corrasion fatigue testing are patterned after those 
u.=ed for endurance testing in air. Suitable alterations are incorporated to provide 
for exposure of the specimen to the corrodent while it is undergoing cyclic stre.ssing. 

•Gulf Research and Development Co., Pittsburgh, Pa. 
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The tjpes of testing machines moat coinmonI> used applj cycles of completely 
re\ ereed bending axial or torsional «streaoeo Leas commonly u^ed are machines which 
apply one of the e three tj pea of stress m a unidirectional manner between maximum 
and minimum limita Occasionally machmes which combine two types of stres 
loading are employed as for instance re^er^ed tor«ion under constant tension load 
For a complete diocmeion of fatigue te-ting machtoes reference should be made to 
books on fatigue of metahs'^ 


TESTING IN AIE 

Practically any endurance testing apparatus, can be u ed for making corro-ion fatigue 
teats in air merely by the addition of a de\ice to subject the specimen to the action 
of the corrodent m the manner desired 

Mc\dam3 u-ed a rotating cantilexer beam fatigue machine in this manner, applying 
the water diagonally «o that the conically (apered specimen was surrounded with 
water from the outer to the inner fillet Speller McCorkle and Mumma-* u*ed the 
R R Moore rotating beam machine fitted with a tube to flow water on the «pecimen 
by gra\ity and haMng a receiver underneath the specimen so that the water could 



Fiq 1 Apparatus for Producini? Localized Corrosion Fatigue on Rotating Beam Specimen 
(Huddle and E\an3 ) 

be recirculated Air was continuou ly bubbled through the water m the reserv oir to 
keep it oaturated Gould s u ing a rotating beam machine «u-pended a cotton tape 
under the specimen but without touching it The tape was kept saturated by 
dripping the corrodent on to it and a liquid film of constant width was kept on the 
■specimen by capillarity This arrangement permits study of the effect of corrosion 
fatigue at any cho en spot of the uniformly stressed specimen Huddle and E\ ans** 
F MnoreandJ B Kommera The Faitgue 4^ iIttaXa McGrsw Hill Book Co Inc NewYoik 19'’7 
* II. J Go>i«t The Fat gue of MetaU Ernest Bsnn loinited 19‘’6 

*D J MeVdam Jr Stress-Stra n-CycIe Relat onslap and Corros on Fatigue of Jletala Proc Am 

Soe TetltTig MalenaU 2$ (2) 224 (19“^) 

<F N Speller I B McCorkle andP F Mnmmfl Influence of Corros on Accelerators and Inhib tors 

on Fatigue ol Ferrous Xletals Proc Am Soe Teatmo ifnteruiU 23(2) 159(1928) 

*A J Gould Fncrtnemnff 136 4o3 (1933) 

•a U Huddle and U It E^aos %>me Xleasurements of Corros on Pat gue XIade with a New Feeding 

Arrangement J Iron Suel Imt 149 109 (1944) 
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iiscd a modification of Gould’s method shown schcmaticallj' in Fig. 1 to study the 
protective value of paints as well as certain aspects of corrosion fatigue. 

Kenyon" used a machine for corrosion fatigue testing of wire in which the wire, 
hold in the shape of an arc, was rotated about its own curved axis, thus applying 
tension compression stresses. The specimen was immersed in the corrodent. 

Gough and Sopwith used a Haigh axial strc.ss machine fitted with chambers 
enclosing the specimen which could be exhausted to high vacuum®' or in which the 
specimen could be immersed completely in a liquidt* (Fig. 2). 



Fio. 2. Methods for Conversion of Haish Axial Fatigue Macliinc to Corrosion Fatigue. 

(Gough and Sopwith.) 

Lelt: Sylphon tube chamber for faticue testing in vacuum. Righl: Cliainber for fatigue testing in Uqui<l 
spray. (.\ slight modification would provide for testing with specimen completely immersed.) 

The apparatus shown in Fig. 3 was used by Rawdon^'' to tost sheet Duralumin 
by repeated flexure. The strip specimen, S, bolted to an upright, 17, at each end, was 
flexed by rotation of the uprights at a rate of 75 cycles per min. A tank, T, containing 
the corrodent was raised to immerse the specimen for one minute at intervals of 
15 min. 

" J. N. Kenyon, "The Rotating-Wire Are Fatigue Machine for Testing Small-Diameter Wire," Proc. 
Am. Soc. Tetling MntrriaU, 35 (2), loG (1935). J. N. Kenyon, ".'V Corrosion-Fatigue Test to Determine the 
Protective Qualities of .Metallic Platings." Proc. Am. Soc. Telling MalcrinU, 40 (2), 705 (1040). 

® H. J. Gough and D. G. Sopwith, "Atmoiiphcric Action as a Factor in Fatigue of Metals,” J. Inst 
Melnh, 49, 93 (1932). 

” II. J. Gough and D. G. Sopwith. “Some Comparative Corrosion-Fatigue Tests Employing Two Types 
of Stressing .Vetion," Engineering, 136, 75 (July 21. 1933). II. J. Gough and D. G. Sopwith, "Atmospheric 
Action as a Factor in Fatigue of Metals," Engineering, 134, G94 (December 9, 1932). 

II. S. Rawdon, "The Effect of Corrosion, Accompanied by Stress, on the Tensile Properties of .Sheet 
Duralumin." Proc. .4m. Soc. Testing MatcriaU, 29 (2), 314 (1920). 
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Fio 3 Apparatus for Corroaon Fatigue Testing of Sheet DuraluauD (Rawdon ) 

S Specimen of sheet Duralumio. V Oscillating shafts to flex specimen T Tank containing c 
rodent raised at intervals 



Flo 4 Modification of R R Moore Rotating Beam Machine for Corrosion Fatigue Testing 
with Sample Immersed in Absence of Air (W escott and Bowers ) 
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TESTING BY IMMERSION IN jVBSENCE OF AIR 

AVescotfc and Bowcrs^i adapted the R. R. Moore rotating beam machine so that 
the specimen was immersed in air-free oil well brine saturated with natural gas while 
subjected to C 3 'clic stresses. A sectional view of the cell is shown in Fig. 4. The brine 
flowed by gravitj' through the cell into a receiver, from which it was lifted to the 
reservoir by natural g.as lift. Natural gas was also bubbled continuously through the 
brine in the reservoir, the pressure of which served to exclude air. The same equip- 
ment was also used to determine the corrosion fatigue limits of steels in brine 
saturated with hydrogen sulfide b.v bubbling HoS continuously through the reservoir 
brine. This procedure has been adopted as a code for corrosion fatigue testing of 
sucker rod materials bj’’ the American Petroleum In.stitute.^- 



A. Specimen holder. B. Specimen. C. Bcannc on specimen for load application. D. Steam packing 
nronnd load application rod. E. Pipe for lubrication of bearing C. F, Steam box. G. Steam box cover. 
II. Steam packinR around rotatinc specimen shaft. 


TESTING IN STEAM 

A. sectional view of the apparatus devi-sed b 5 ’ Fuller^" for corrosion fatigue testing 
in steam with a rotating cantilever-type machine is shown in Fig. 5. Steam packings 

B. B. Wpscott and C. N. Boa era, "Corrosion ratiRiic and Suokcr-Rod Failures,” t4th Annual Mcclinp, 
Proc. .Im. Pftrnhum Inst., 14, Sect. IV. 29-42 (Oct. 24, 1933). 

*^.1. l‘.l. Cotlc A'o. 30 for Corroiion Paliyue Te'‘ting of Surl.er Rod Materials, American Petroleutn 
Institute, Division of Production, Dallas. Tcxtis. 

T. S. Puller, "Dndtirance Properties of Steel in Steam," Trans. Am. Imt. Mining Met. Engrs., Iron 
and Steel Div., 90, 2S0 (1930). 
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were used around the rotating shaft and the rod for application of the load Water 
waa drained from these packings by vacuum Tests were made with steam, pressm^s 
and temperatures as high as 220 poi and 370® C (700® F), respectively 


METHOD FOR REPORTING TEST RESULTS 
The moot conci e and informative method for reporting the results of corrosion 
fatigue teots is by the u e of curves plotted on «!cmi-log paper, u ing the ordinate for 
the imposed strcaa and the log scale as ab cis^a for the number of rci crsals to failure 
These are the u*ual S-N tjpe of charts u ed to report results of air endurance tests 
The curves for endurance limit and corroaion fatigue limit may be plotted on the 
same chart to facilitate comparison Such a chart as u»cd for cold-rolled and annealed 



Fio C S*N Curves for Reporting Results of Fatigue and Corrosion Fatigue Tests (Results 
for 70% Ni - 30% Cu Alloy by D J McAdam Jr Proc Am Soc Testing Materials, 27 
110 11927J) 


70% Ni-30% Cu alloy* bj BIcAdam is shown in Fig 6 V, hen plotted in this man- 
ner, the corrostan faltgue limit is clearlj indicated as the stress at which the slope 
changes sharplj, and the eur^e becomes approximately a'jmpfotic to the abocis'a It 
should be borne m mind that if a metal b e\entually damaged by corrosion fatigue 
the S N cune will neier become trul> asjmptotic For mo t metab, however, there 
will be a marked change in slope, and the corresponding «trcs:3 is considered to be 
the corrosion fatigue limit This lalue can be obtained for steeb and «ome non- 
ferrous metals- bj 10 million cycles of stress but aluminum and its allojs and certain 
other allojs require 100 million or more cycles for reliable rcsulto 
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Charts to express specific aspects of damage to the endurance strength by prior 
corrosion and corra^ion fatigue, such as total, net, and constant damage, have been 
described in the numerous papers by iMcAdam. 

In some cases, it is desirable to compare the resistance of metals to corrosion fatigue 
by determining the number of cycles required to cause failure at some constant stress 
higher than the corrosion fatigue limit. Data derived in this manner are most reliable 
wlien the strc.ss cho.sen permits a large number of cycles before failure. 


PRECAUTIONS TO BE OBSERVED 

Since it has been established that the corrosion rc.sistance of a metal is the property 
having the greatest influence upon its resistance to corrosion fatigue, it is important 
that the medium chosen for tc.-^ting duplicates in all essential respects that encoun- 
tered in service. 

The rate of stressing has a direct influence upon the value of the corrosion fatigue 
limit. The value is higher for rapid rales of stressing because the specimen is exposed 
to corrosion for a shorter period of time. Therefore, when the tests are intended to 
provide a ba=is for selecting a metal for a specific service, it is desirable to emploj' 
a rate of stressing that is not greatly disproportionate to that actually prevailing. 

It is essential that the apparatus be so designed that concentration cells or electro- 
chemical action from extraneous causes do not influence the results. It has been shown 
that the former can completely nullify the protective action of inhibitors.!"* Fur- 
thermore, it was found that when stuffing boxes of steel similar to the specimens 
were used in the apparatus shown in Fig. 4, the corrosion fatigue limit of S.A.E. 
1040 steel was 21,600 psi whereas, when aluminum stuffing bo.xes w'ere used, the corro- 
sion fatigue limit was increased to 57,000 psi.!*> The air endurance limit of this steel 
was 63,000 psi. 


TESTS FOR DAMAGE BY CAVITATION 

S. Logan Keru''' 

MEASURE OF DAMAGE 

Several methods for measurement of damage by cavitation have been proposed, 
but .as yet there is no one generally .accepted unit.' Either depth and area of the 
damage or weight loss is used, weight loss being feasible in the measurement of 
laboratoiy specimens where they can be weighed before and after e.xposure. "Weight 
loss is not suitable to the evaluation of damage to turbine runners or pump impellers, 
however, where the damage is frequently determined by the nature of critical 
hydraulic dimensions. 

The best criterion of relative damage by cavitation is the performance of the full- 
scale installation of the turbine, pump, valve, or other device. Service tests are the 
final and conclusive evidence, and even they can be evaluated only with some degree 
of accuracy by relating the surface finish and the setting with regard to tail water, to 

• Consulting Engineer, Philndclphia, Pa. 

“ F. X. Spoiler, I. B. -McCorkle, and P. F. Mumma, “Influence of Corrosion Accelerators and Inhibitors 
on Fatigue of Ferrous Metals,” Proc, Am. Soc, Te^lino Malcriah, 28 (2), 159 (1028), 

B. Wcspottnnd C. N. Boners, "Corrosion Fatigue nnd Suckcr-Rod Fnilurea,” I4th Annual Meeting 
Proc. An. Inst., 14, Sect, IV, 29-42 (Oct. 24, 1933). 
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suction conditions and to other operatmg conditions of the unit The dei elopment of 
captation test laboratories for turbinea and pumps has contributed much to the 
knowledge of operation directed to ai oid the ill effects of general low prej»ure and 
the loos of capacity and efficiency 

T\PES OF TESTS 

Venttoi Tests 

As de'cnbed bj Mou oni* u-o is made of the subnormal pressure effect bejond 
the \ enturi throat a* a ca\ itation producing medium Te-ts require 16 hours or longer 
to get measurable los es Longer times maj be needed if the teat set up cannot 
produce the relative lei el of caiitation intenk.it} necessary to produce measurable 
damage 

Jet TesTS 

Te-ts ha%e been made to demonstrate that a free jet* impinging on a plane or 
irregular 'urface can produce erosion Such teals hare shown that cavitation damage 
i5> not restricted to turbine runners or pump impellero but occurs wherever the 
formation of local areas of extreme Ion pressures cau»e the formation of cavities 
in the fluid 

Recentl} a high pressure jet test was utilized to compare various metaU for a large 
h} droelectnc installation The jet was directed at an angle and impinged upon a recess 
m the metal plate Cavitation erosion occuned at a critical point be>ODd the hole 
Reaulto were obtained m a matter of a few dajs 

^iBiUTORY Tests 

The basic characteristic of cavitation con kling of pressure^ alternating between 
subzero and high values ha* resulted in the artificial development of <uch condition 
through the Use of vibrator} apparatu Two t}pes have been employed one 
con. ting of a reciprocating piston nithm a c}!iDder and the other making u e of 
the vibiatmg action produced by an OkCillator} electromagnetic circuit causing 
magnetostriction of a pure nickel tube 

Evtensiv e te ts* ^ were made using this method whereb} a % in diameter specimen 
was attached at the end of the OkCillatmg rod (6700 c}cles per sec) and immer ed m 
fre'h or "ea water It wa pov ible to produce measurable weight loss m 30 nun and 
«u6sfan(iaf weight I’oss within rara The son^-e appeaniace of the epeeimens after 
exposure wa* identical with the characteristics found in rotating machinery where 
cavitation ero..ion was experienced 

CORKEIATION OF TEST RESULTS 

Time factors in the various lest methods range from a matter of years in actual 
installation to a matter of hours with Venturi test, and minutes with vibratory 
M XIousson Pract cal Aspect* of CaTjtatKm and Pitt ng Bduon EUc Iml Buli 5 373 (Septem 
ber October 1937) 

*3X1 XIousson Fitt ng Resistance of Xletals under CaMtnt on Condit ona Tran* Am Soc llech 
Enffri 89 <No 5) 399 (July 1937) 

* Unpubl shed testa of Shawizugan Water and Power Co Shawm gan Falls P Q Canada. 

* S !■ Kerr Determ nat on of theReJaliveRea etanee toCavjtat onEroa onby theX bratoryXIethod 
Tram Am Sac Mech Engrs 69 (No 5) 373 (July 1937) 

® R. Beeching Resistance to Cavitation Epo* on J Itat of Engri and Shtpb {Iders ta SroClanH 
pp 210-276 (194'') 



Tahli: 1. RELATI\T3 RESISTANCE OF METALS TO CAVITATION DAMAGE BY THE VIBRATORY TEST METHOD* 

. . . WciKht Loss at 25® C for 

Material , ^ /» 

Las t bO- min. Exposure, mR/hr 

Non-ferrous Form Cu Sn Zn Mn Si Ni Fe Pb AI Fresh Water Sea Watert 

lironzo (Cu, Zn, Sn) Rolled GO 1 39 .... .... .... .... .... .... G9,5 05.2 
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apparatus. Comparison of the various results shows that there is the same general 
relative order of cavitation damage for difTcrenl materials, irrespective of the test 
methods employed. (See Tables 1 and 2.) 

Wlien largo-.=cale .specimens are tested by the Venturi method, coupled with 
7 nicro.scopic examination of the surface and a section of the material,*’ the damage is 
of the same general type as found in specimens taken from full-scale installations. 
It is highly probable that similar confirmation could be obtained from microscopic 
analysis of specimens from the vibratoiy tests. 

The effect of temperature, vapor pre.ssure, and absolute pressure conditions in the 
laboratoiy test procedure are ociually its important as the effect of corresponding 
conditions in full-scale equipment. 


HIGH-TEMPEEATURE TESTS 
F. E. Bash’*' 

Alloys used at high temperatures may bo called upon to withstand various 
environments, among which are : 

1. Air and other gases. 

2. Furnace atmospheres. 

3. Carburizing or nitriding atmospheres. 

4. Molten and solid salts. 

5. Molten metals. 

In determining the relative values of alloj’s for high-temperature service, it is 
essential that a method of test be available which is representative of the conditions 
under which the material is to be used. The other alternative is to test the material 
in actual service. It is more desirable, of course, to have an accelerated test that serves 
as a measure of service performance. 

Test methods have been worked out by engineering society committees and other 
groups for the study of the behavior of metals and alloys at high temperatures in 
air. None of these methods is complete^’- representative of conditions in service, but 
some approach them with a fair degree of accuracj’. The primary objective of a 
coiTosion test is to determine the rate at which the metal is destroyed by any 
particular set of conditions. 

INTERNAL HEATING OF TEST SPECIMENS 

A method of life test^ has been worked out by the American Societ 3 ’ for Testing 
I^Iatcrials to determine the relative life of metals used for electrical heating. Brieflv, 
this test consists of passing a current through a wire 0.025 in. (0.064 cm) in diameter, 
su.spcndod from a binding post with a lower connection in a cup of mercury. A current 
is passed through the wire until it ha.s reached the temperature of test as determined 
by lu-e of an optical pyrometer. A rheostat in series with the wire used for vaiy'ing 
the current. The temperature is readjusted at intervals and may be controlled at a 
constant value; or the impre.s.sed voltage acro-.-s the sample may be maintained 

* Drivcr-Harris Co., Harrison, N. J. 

'H. N. Bocichcr, “Failure of Metals Hue to Cavitation under Experimental Conditions,” Trans. Am. 
Soc. Mrch. Enrjrs., 68, Paper UYE-SS-l, p. .S."! (193G). 

' “.\ceelen>tcd Fife Test for Metallic Materials for Electrical Heating," Test B70-39 , 1 ..S’. T ^f Stand. 

ards. Part I, j). 9I.i (IM-l). 
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constaQt with the temperature dropping off as the sample under te t decreases in 
crosa section due to oxidation A record of the sanations of resistance of the wire 
with time ma> be plotted as an indicabon of the change of the cross ectional area 
This method maj utilize an intcmiittent healing and cooling C 3 cle which pro%nde 3 
a greatlj accelerated life test, or the temperature maj be maintained constant with 
no interruptions m heating It has been found that a cj cle of 2 min heating and 2 
mm coolmg for Cr and ^l Cr Te allo> Wiiea 0 025 m (0 064 cm) in diameter 
gives the shortest hfe This is one eighth to one tenth the life of a wire maintained 
at constant temperature without anj cooling It la obiious that with intermittent 
heating and cooling a differential expansion of the metal and protective oxide scale 
will re ult jn much more rapid ®cahng than if the material is mamtamed at a constant 
temperature * 

It Is iLuallj found that after the electrical resutance of the «ample under test 
has increa ed bj 10% or more, hot «pots form at places where the cross-sectional 
area of the wire has been reduced more than at other points After the hot spot or 
hot 'pots form oxirfatron increa es at a rapid rate and the wue fads at that point 
It IS not desirable, therefore to u^e the tune to ‘burn out as a measure of the 
re..istaQce of a wire to oxidation at any test temperature For this rea on, vsejul U}e 
has been specified as the time required for Ike resistance oj the specimen under test 
to increase by 10% and is emplojed as a mea«ure of the rate of oxidation of any 
metal under specified conditions 

■N^ith some allovs there mav be a change m the specific resistance with tine 
independent of oxide formation Thi® change is not usuallj important and it maj 
be determined, m anj event and compensated for 
The relatiomhip between life of a wire in hours as described above and the tern 
perature of the te^t is given by the following ct)uation 
logL ^ K Si 

in which L “ hours of test life 

S = «lope of the temperatiire»hfe curie plotted on semi logarithmic paper 
t =» temperature, 

K = & constant 


Examples are given in Fig 1 of the resulting straight lines obtained within working 
range of the alloys Constants of the above equation for the three alloys included 
in Fig 1 are 


Alloy 

Cr \% Fe « 

20 80 0 0047 

16 60 Bal 0 0033 

14 SO 0 0 0030 


K 

12 2Ga 
9 062 
7 622 


EXTERNAL HEATING OF TEST SPECIMENS 
Height Change Method 

Tests ha\ e been dev ised where the 'ample under test is heated externally in a giv en 
environment at a known temperature for a specified period of time and then cooled 

• Hetsenbruch (ZunderfetU Lfyierunoen p CO Berlin 1940) points out that the surface Oxide of coded 
metal may eoctinue to spall appreciably fta aoine mniirtea and av a minor laie tor 10 to 20 hours The 
penod over which a metal remains at room temperature m a ei cle of heating and coohng is of some impor 
tance therefore to the measured corrosion rate. I* is stated that for some alloys a wire heated in a cj cle of 
2 nun on and 6 eiin of may actually have 20 to 30% shorter life than a wire heated 2 inin on and 2 mm 
of Enrroa. 
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to room temperature. This cycle is repeated for a definite length of time, or number of 
cycles, and the lo.«s or gain in weight of the specimen is reported. When no provision 
Ls made to remove all the o.xide scale before weighing, this test method is of value in 
comparing the relative corrosion rates of metals or alloys of approximately the same 
general analysis. Results, however, may be extremely misleading if comparisons are 
made between alloys of considerabb' varj’ing analyses. If a metal is free scaling, the 



Tig. 1. Relation between Life of Heat-Resistant Wires and Temperature of Operation. 

loss in weight may be a reasonably accurate measure of the rofluction in cros-s section 
of the metal, but, on the other hand, a metal maj’ form a spongv- oxide which docs 
not detach it.=elf readily from the surface. For the latter an increase in weight will be 
noted, although the reduction in cross section may be as great as that of a metal 
which is free scaling. Again, it is possible for a metal to lo.=e some scale and to build 
up an adherent oxide at such rates that one will balance the other, and the weight 
of the test sample will remain appro.ximatcly constant. The test is only an accurate 
measure of the rate of corrosion provided the oxide formed at high-temperature 
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exposure is totallj ^emo^cd without remoxing the metal (See pTeparation and 
Cleaning of Specimens p 1077 ) It should be noted in making oxidation tests of this 
kind and where the sample is weighed at mtenals that the test is usually continued 
imtil a change in weight of more than 1% has occurred 
When the extent of reaction u not detectable by the ordinary analytical balance 
a more ■’ensitn e means i-j a\ ailable A very sen^itiv e microbalance has been described'’ 
m which a specimen is suspended as part of the balance s>stcm within a quartz tube 
The specimen is heated by induction and any weight change produced by reaction with 
a gi\en gas emironraent can be followed The balance is 'en«iti%e to 1 X 10 ** gram 
or the order of magnitude of a monolayer of oxygen atoms on the specimen surface 
(15 sq cm area) 

Microscopic ExAiiiNAXiON* 

The weight change method of determining corro-ion rate has the disadiantage of 
faihng to indicate the condition of metal remaining It is sometimes advisable there- 
fore to examine the 'pecimea cross section under the microscope u ing common 
raetallographic techniques The rate of corro-ion can be determined at the same tune 
After high temperature exposure ‘elected cro s ‘ectiona of the specimens are 
examined m the etched and unetched condition The thickness of corrosion product 
IS noted and the remaining metal examined for intei^anular attack internal oxida 
tion or other change The rate of attack is calculated from the thickness of sound 
metal before and after a given time of exposure 

Bend Test* 

Corrosion and phase change® maj have a marked effect upon the re«idual ductility 
after exposure This effect can be evaluated b> a simple bend test in a tensile machine 
Comparative ductility is expressed as the load or the angle of bend required to 
produce the first sign of cracking of the specimen 

Other METHODsf 

A convenient method for determining oxidation or reaction rate makes use of 
optical measurement of film thickness 3 This is accomplished by noting either inter 
ference colors or the «tate of polarized light reflected from the surface The method 
13 restricted to temperature ranges coirespoadmg to relatively low rates of attack 
Data obtained for oxidation of iron and nickel by observing interference colors are 
reproduced m Figo 1 and 2 p 12 

Another method «cn5itiv e e peciallj at low pressures involves measurement of gis 
consumed by the metal gas reaction within a given tune The metal react at 
constant temperature m a closed tern to which is attached either a gas burette*® 
or a pre.®ure gage ’ depending upon whether the rate is measured at constant or 

* This discuss on 3 by G F Ge ger Infeniat onal N del Co Inc 
t This discuss on is by the Editor 

* E A Gulbran^en Tram EUctrochem Soc 81 327 0^2) 

3G Tammann Z Anorg Chem 111 78 1920 {with XV Koster) 123 196 (1922) 

*The two methods are reviC’sed ndelalbyU R Evans, AfeloWic CorrosKm Patnvxty and Froleclv>« 
DD. 672-682 Fdnard Arnold and Co Txindon 1937 

s J S Dunn Proc Royal Soc (A) 111 203 209 (1926) 

«A,Portevn E Pretet andH Jobvel Ret ilet 31 101 186 219 (1934) 

* C N H nshelwood Froc Roy Soc (A) 102 318 (lO’Z) 
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changing gas pressure. With low pressure gases especially, but also at atmospheric 
pressures, it is important that the temperature of the .specimen be known in addition 
to that of the reacting gas. The heat of reaction may raise the specimen temperature 
appreciably above the .surrounding temperature. 

An interesting pressure change method employs a differential water or oil 
manometer between a cell holding the specimen and an identical dummy cell at the 
same pressure.* This has been used effectivelj’ in the study of oxidation rates over a 
wide range of pressures. 

The amount of film substance for .come metal compounds (e.g., CuoO) can be 
accurately measured electrometrically by reducing the film cathodically in a suitable 
electrolyte.s.a The amount of electricity that has passed is noted at the time all the 
surface compound is reduced, detected by a change in potential of the specimen. 
The equivalent weight of substance involved is calculated by applying Faraday’s Law. 


CORROSION IN FURNACE ATMOSPHERES 

The A, S.T. M. life test method quoted above can be used with modification by 
enclosing the test piece and circulating the g.ases under investigation through a 
suitable chamber. This method gives a quantitative measure of the comparative 
quality of alloys in a specified atmosphere at a particular temperature. 

Another A. S. T. M. methodic has been devi.sed in which a number of pieces of 
metal strip, .approximately one foot long, are suspended in a furnace in which the 
temperature varies from approximately 1100° C (2000° F) in the center to approxi- 
mately 550° C (1000° F) at the ends. The test gas is circulated slowly through the 
furnace, and in this way the reaction of eight or ten samples to a particular atmos- 
phere at varying temperatures may be determined. It is not ea.sy, however, to 
determine the rate of corrosion quantitatively. Examination of the surface and cross 
section of pieces of strip approximately 0.375 X 0.030 in. (1.0 X 0.08 cm) is a 
qualitative measure of corrosive attack. 


MOLTEN AND SOLID SALTS 

There is no standard test method devised for containers of molten salts. The only 
knoum method is to suspend samples of material for test in the molten salt, making 
sure that only part of the specimen is immersed, since the heaviest corrosion is 
usually at the line marking the surface of the salt, where air comes in contact. 

For solid salts such as carburizing compounds contained in alloy boxes, it appears 
that the best method of test at present is to make a box from the alloy under 
consideration and observe it in service. 


MOLTEN METALS 

Conditions .similar to tho.so employing molten salts are encountered with molten 
metals such as load, tin, and solder in metal containers. Tast proceduras are conducted 
similarly. 

• W. E. Campbell, private communication (The Electrochemical Society Preprint 01-24 [1947]). 

®H. A. Milcy, J. Am. Chem. Soc.. 69, 2020 (19.17). 

® W. E. Campbell and U. B. Tlioma?, Trane. Eleetrochem. .Soc., 76, 303 (1939). 

"Eflcct of Controlled Atmospheres upon Alloys in Electric Furnaces," Test B I81-43T, A. S. T. M 
Standards^ Part I, p. 1799 (1944). 
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GALVANIC COUPLE TESTS 
C H Sample* 


The primary purpose of gahanic couple testa is to obtain ii:>eful information m 
predicting or controlling the extent to which galvanic couple action occurs when 
dii^imilar metals are m contact imder gi\en conditions of service Such tests may 
include studies of galvanic protection, as well as of the deterioration resulting from 
gaUanic corriKion 

In order for gahanic couple action to occur, the two or more metallic elementa 
of the couple muat be in mctalhc contact while exposed to an electroljte, and a 
difference in potential muat exist between them When the«e basic requirements are 
-atisfied, gahanic couple action can and will occur The extent to which it occur- 
howei er, can only be determined by actual test It has been shown! that the amount 
of corrosion resulting from gahamc couple action is proportional to the total current 
flowing in the cell This m turn is dependent primarily on the relation between the 
open circiut potential of the cell, less all counter potentials resulting from the flow of 
current, and the total resistance of the circuit, the latter including primarily the 
resistance of the electrolyte 

Since these factors are profoundly affected by the dimeneioiis of the electrodes anc 
the physical arrangement of the cell and, m addition, by the compcbition, tempera- 
ture, and moNement of the electroKle. it wiU be obMOUa that there can be no one 
single design of gahanic corrofion te>t specimen or apparatus that will yield results 
applicable to all problem: It should be emphasized that if the te-t conditions are 
not identical with conditions of seriicc, the results can ne\er be considered to be 
more than aemi-quantitatne 

The principal means for studying the galvanic behavior of metals and alloys has 
been summarized as follows • 

1 Measurement of the open-circuit potential difference between metals or alloys 
forming a couple 

2 Measurement of the potential of a metal or alloy in the testing solution with 
reference to a standard of potential <uch as a calomel half cell 

3 Measurement of the direction and raagmtude of the current generated by a 
couple throughout a test period 

4 Compari-on of the extent of corrosion of coupled and uncoupled specimens 
exposeii confer rtfenfreui’ cumirfiujib bereft CKawavevrraiis of the exteat a! 

may' be made by means of weighl-lo^ detenninations, observations of changes 
in mechamcal properties {'trengtb and ductility), and measurements of the 
extent and distribution of local attack (pitting) 

5 Determination of the polarization characteri tics of the specimens in the testing 
solution 

Since contact of electrolyte between the two metallic elements of a galv amc couple 
IS a primary requisite, it is assumed that galvanic action is most pronounced under 
conditions of continuous or intermittent immersion m relativ ely’ strong electrolytes 
Tests embodying these or comparable conditions, therefore, are probably of primary 

• Bell Telephone Laboratone*. New Yoib, V Y Present Address The International Nickel Co , New 
York. N Y 

* R. H Brown and R B Mean Tram EJectrochem 8 m , 74 495-517 (193S) W A Wesley Proe Am. 
Soe Teslinff 3/a*frviZ». 40, 690-704 (1940) D R.Evaii9»DdT P Hoar Proc-Roy Soc (A) 137,343-365 
(1932) 

*F L.LaQueandG 'L.CoT^Proc Am Sm Tetting MalerviU 40 670-689 (1940) 
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importance. Such tests are illu-strated by the work of LaQue and Cox^ dealing with 
the action of flowing sea water on various metallic couple combinations in the form 

H 

D 

O 

a. 


(J Q. 



■ L- NICKEL LUG SILVER BRAZED TO SPECIMEN, MONEL 

° ' 2 I N. STOVE BOLT, END OP WIRE SOFT SOLDERED TO LUG. 

W-RUBBER-INSULATED #16 GA. STANDARD COPPER WIRE. 

P- NICKEL PLATED BRASS BINDING POSTS, NICKEL 
SILVER NUTS PERMANENTLY FASTENED TO A 
CENTRAL BOARD. 

R-RESISTANCE, I OHM 

T- NICKEL TERMINAL SWITCH (SLOTTED) 

Fio. 1. Method of CouplinR Galvanic Test Specimens in the Form of Pipe. (LaQue and 

Cox.) 

of pipe. Their method of coupling the test specimens is shown in Fig. 1. Another type 
of specimen used in conducting galvanic corrasion tests in .sea water^ jg the spool 
type shomi on page 1051. 

II. F. .«carlc and t. L. LaQue, I‘roc. Am. Soc. Telling Materials, 36 (II), 240-200 (l93j). 
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A comement laboratorj set up for conducting ^Kanic corrosion tests under con 
trolled conditions of total itnmereion has been described by Wesley^ Tj-pical test 
specimens and the manner of coupling them through a known low resistance dunng 
the test are illit,trated in Fig 2 It wjH be noted that m addition to the coupled «peci 
mens the il, emblj includes an idenUcal pair of uncoupled teat pieces The latter pro- 
\ ide information on the normal rate of corrosion of the metal under the same corro. i e 

conditiooa During a test run the 
whole a^emblj lo placed in a suit 
able water bath in order to control 
the temperature of the corroding 
medium Suitable apparatus lor 
obtaining pertinent electrochemical 
data relative to galvanic corro'ion 
has aloO been described by Mearo 
and Brown 5 

For Use m studjing the gahamc 
couple behavior of d fferent metal 
and alloj combinations expo-ed to 
various outdoor atmo pheres ^ub 
committee "S III of the American 
Societj for Testing Materials Com 
mittee B-3 emplojed® the tJTie of 
'pecimen «hown in Fig 3 Although 
the e tests provided vueful data ex 
perience with thia design of «peci 
men was not entirely «atkfaetory and 
led to the design of the te«t «peci 
men shown in Fig 4 in which onlj 
the two center di^-imilar duks are 
weighed The latter design is cur 
rently being u ed by that committee 
in outdoor exposure tests of var ous 
metals and alloja coupled to stam 
lesa steela It eliminates one serious 
fault of the old dcaign namelj the 
variations in normal corro ion on 
the sides of the dL.k resulting from 
vanable failure of the paint In 
addition to eliminating the need for 
paint protection and minimizing the 
area subjected to normal weather 
ing the new specimen provides 
greater contact area between the two metaUic elements of the couple where galv anic 
action will be promoted The two specimens have the one common fault of possible 
variation in contact resistance between the two metallic element* of the couple 
particularlj after corroaion product* have accumulated 
Figure 5 «hons a te t specimen designed b\ the author primarily for use in atmos 

< W A. Wesley Trant Electroehem .See 73 539 (193$) 

* R. Mears and R Brown. Tran» Elttl orhem Soe 74 S22 (1938) 

»C. L. H ppenstecl Proc Am Soe TMtuia IfatenaJ* 8* (I) 246 2ol (19321 



Fig 2 Laboratorj Set-up for (I^oDducfing Gal 
V amc Corrosion Tests (Courte<tj of International 
Nickel Co) 
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pheric exposure?. Its principal advantage is that significant and reproducible cfTccts of 
couple corrosion can be detected after relatively short exposuic periods. These are 
made possible bj' the favorable ratio of .suiface aiea to weight of the anodic element 
and by a relatively large area of clo-se contact between the anode and cathode where 
galvanic action is encouraged by the capillari’ retention of electrolyte between the 



Fro. 3. A. S. T. M. Galvanic Couple for Outdoor Exposure (Early Design). 

two surfaces. This typo of specimen has the further advantage of assuring a Jow- 
rcsistance contact between the tw'o metallic elements of the couple for the duration 
of the test. 

With slight modification, this type of test specimen has also been used successfully 
to obtain open-circuit time-potontial curves between the elements of the couple when 


STAINLESS STEEL BOLT 


LONG 


BAKELITE WASHER .T5"X 
OTHER METAL DISK 1.18" Xj^ 
OTHER METAL DISK 1,44" X 

I O 


BAKELITE WASHER I.4''X-|- 


STAINLESS STEEL LOCK WASHER 



STAINLESS STEEL WASHER f OD. 
STAINLESS STEEL DISK I.OOi'Xj^' „ 

Stainless steel disk t32"x:^ 
^ 16 


1 BAKELITE BUSHING 


^■|d. ^'od 


STAINLESS STEEL WASHER | OD 


-GALVANIZED ANGLE 
SUPPORT 


Fro. 4. A. S. T. M. Galvanic Couple for Stainless Steel Test®, Outdoor Exposure. 

1 

exposed to various atmospheric conditions. For this purpose the wire is insulated 
from the bolt by means of a thin layer of electrolyte-free, long-fiber paper, with 
non-conducting inserts in the retaining holes for the wire and set screws. The tw'o 
metallic elements are then connected directly to a high-resistance recording potenti- 
ometer, which provides a continuous record of changes in the potential, which may 
occur, for example, as a result of variations in weather conditions. 

A disadvantage of this typo of specimen is that only significant weight changes 
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of the anodic element can be obtained, whereas in the disk-type specimen of Fig 4 
the confirming evidence of galvanic protection may be obtained simultaneouslj from 
the same specimen by weight-change mcacuremenLs of the more noble meta! Other 
limiting features are that mateiiaU may be tested m wire form only and aho that 
a protective agent must be depended upon to confine the couple action to the area 
under test and prev ent its occurrence at the two points of permanent contact between 
the two metallic elements of the couple No difficulty, however, ha* been experienced 
from thia factor on specimens exposed to outdoor environments for periods up to 
4 months 



The above tests were de-igncd piimaiilv for Molding information of a quantitative 
nature When only rough qualitative information 1* de*irod, the teeto and specimen 
de«vga need rvQt be so elaborate For example, W'-efvkl mformatvoo a-- to xsbe'Ves or rot, 
serious galvanic couple action will occur undei certain condition-j of ecivice ha.s been 
obtained bj simply bolting, riveting, welding 01 otheiwi^c joining ^t^ps, platee or 
washers of diaatmihr metaU together and exposing them to the conditions in question. 
The choice of any particular test vvill depend upon the purpose and the t^qis t’f 
information desired 


HIGH-HUMIDITY AND CONDENSATION TESTS 
K G Compton* 

Humidity chambers are widely u«ed for accelerated te-ting of the indoor corro'ion 
resistance of manj materials In size the chambers varj from large rooms to small 
battery jars Similarly the temperatures and humiditie= employed have covered a 
wide range depending upon the individual views of the persona concerned Con- 
structional details of some cabinets have been published 1.3.3 4 

Tests m very small sealed enclosures do not reproduce the results obtained m large 
humidity rooms, probably because of depletion of contaminants in the early stages 

* Bell Telephone Laboratones, New York, N Y 

* F Todd, Ind Eng Ckem . Anal Ed . IS, 394 (1944) 

* II Pray and J Gregg Free Atti. Sx Titling Matmali 41,7oS(I941) 

*R H W Burkett and H K Iletiisch, .7 &i 21 106(1944) 

* Alternate Perjarmance of the Standard Cycle ilotstnn RentUince Teslt of Component Porta, Perfotrn- 
ance Test Section Squier Laboratory, Signal Corps, D S Army. November S, 1944 
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of the corra=ion process. There is little detailed correlation between the rcsiills 
obtained in a constant temperature and humidity chamber and those obtained by 
indoor cxpo.surc, but experience indicates that if certain materials or finishes re.sist 
deterioration for a given period in a humiditj’' chamber, they are not likely to gi^■e 




Fig. 1. Representative Relative Humidity at Various Times during the Day at Canal 

Zone. Panama. 


trotiblc in service in temperate climate.s. In general, the length of the expo.'luvo period 
must be determined for each set of conditions. 

For simulated ti'opical indoor corrosion, it is necessary to add controlled peidods of 
condensation to the humidity test, inasmuch as condensation occurs nearl.v eveiy 
night in most sections of the tropics. It must be borne in mind that condensation 
occurs on objects as they lag in temperature behind the ambient air temperature 
during the daily C 3 'cle. This tropical test cj'cle can be greatlj' accelerated bj' obtaining 



Fig. 2. Representative Relative Humidity at Various Times during the Day in New York 

Citj'. 


two condensations per daj’ and b.v maintaining the steadj' state conditions at 48° C 
(120° !') and 95% relative humiditj', A higher temperature makes operation difficult 
and is likely to produce excessive acceleration of the corrosion of certain tj’pes of 
material such as zinc or cadmium. 

Two methods of obtaining the condensation cycle are in general use. For small-scale 
testing, the specimens arc removed from the test chamber, chilled to .some temperature 
well below the dew point, and returned to the humidity chamber. Condensation forms 
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on the surface and tends to per ist as a stagnant film of moisture For large-scale 
tests the chamber is cycled bj dropping the temperature rapidlj to «ome temperature 
m the neighborhood of 2S® G (70* F) holding at this temperature for a short period 
until the specimens become chilled and then raising the temperature rapidly to the 
'teadj -state condition of 48® C (120® F) and 95^o relatue humidity It is important 
that the relatn e humidity be kept as high as possible during the period of rising 
temperature 

In Fig 1 la gnen the dailj march of humidity on representatn e dajs in cleared 
areaa during the first week of October and of February for the Atlantic side of the 
Isthmua of Panama near the Canal Zone In the jungle the humiditj will not varj 
greatly from the«e \ alues but will depend upon the diatance abov e ground and upon 
the densilj of the foliage The variation in temperature and humidity will not be as 



Fio 3 Zme Plate (0 2 mil) on Steel Exposed Three Weeks at 54® C (130° F) and 8»7e H H 

great near the ground m heav> growth as it will bo at some di tance aboie ground 
because of radiation from the earth during the cool period at night Similarlj in 
Fig 2 la ehown the dailj march of humidit> m New 1 ork Citj for the first weeks 
of Augu. t October and Februarj From these data it is apparent that equipment 
intended for mdoor u e m temperate climate^ can be tested in humidity chambers 
without condensation but that intended for tropical climates requires a condemation 
cj cle 

The behaiior of metaL. and of protects e coatings laries considerablj m the two 
environments Zinc and its allojs corrode badl> jn the condensation cjcle but giie 
satisfactorj service in chambers without condeOoation The principal u,e of the 
straight humidifj chamber is to test the efficaej of porous or permeable coatings on 
ferrous materials Figure 3 “hows the retain e corrosion of zinc plated steel panels at 
64° C (130® F) and 859<r relatne humidity with and without condensation 

The efficac> of temporary preseriatnes (elmhmg compound.) is usually determined 
by humidity testing as the tests closely simulate service conditions 





TESTS FOR STRESS CORROSION CRACKING 1009 

TESTS FOR STRESS CORROSION CRACKING 
H. R. Copsox* 

The discussion of stress corrosion cracking on p. 569 shows that tensile stress, 
environment, time, and internal structure of the alloy are important factors, and 
that their importance varies. It follows that there can be no universal test of suscepti- 
bility to stress corrosion cracking. By ingenious selection of test conditions most 
metals can be made to crack. For a laboratory test to be of practical value, test 
conditions must be selected with due regard to service conditions. Special test 
conditions may be needed for a now problem. 

Correlation between laboratory tests and service performance is difEcult to obtain. 
Exact correlation should not be expected because service conditions arc frequently 
complex. It may be impossible to reproduce the environment or state of stress. 
Substitution of .«omo other conditions may lead to different results. Thus, with 
magnesium alloys, laboratory tests in salt and in salt chromate solutions showed 
opposite trends for the effect of precipitation heat tfeatments.i 



Fio. 1. Cracking of 18-S Stainless Steel (Typo 302) Specimens in a Boiling Concentrated 

Calcium Magnesium Chloride Brine. 

Laboratory tests arc restricted as to time and to specimen .size. Figure 1 shows the 
effect of time on the percentage of specimens cracked in a particular laboratory test. 
Failure in an accelerated laboratoiy test, however, docs not necessarily mean that 
failures are to be e.xpected in practice. Experience ha-s shown that in the absence of 
high tensile stress (internal or applied) stress corrosion cracking is not encountered 
in service. 

Laboratorj' tests arc useful .as a moans of control to insure that proper fabrication 
procedure is consistently employed. Thius a mercurous nitrate test is used as a control 
to in.sure that internal stresses are low in brass parts.- 

Laborator 3 ' tests are useful in <leveloping new alloys. They show which alloy 
rompa=itions are markedly susceptible to stress corrosion cracking. For compositions 
found lobe susceptible the conditions required to reduce this lendenej' can be studied. 
Comparisons can be made with alloys in commercial u.se. 

Laboratory tests are useful in isolating the specific components of the environment 
that are responsible for stress corrosion cracking. Thus they showed that hydrogen 

• Rescareli Laboralorj-, The International Nickd Co., Inc., Bayonne, N. J. 

^ U . S. Txwpe, Don* Chemical Co., private communication. 

* H. Rosenthal and L. .Tamieson, Proc. A?n. Soc. Testing Materials, il, S97 (1941). 
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cj anide and moi ture impurities m town gas were responsible for the stress corrosion 
cracking of high pressure steel cylinders* and that the hydrochloric acid decomposi 
tion product of ethyl chloride was responsible for the cracking of stainleaa steel 
therraowelh ^ 

Results are usually based on the observation that either a specimen cracks or it 
does not Cracking may be obvioua but sometimes micro examination is necessary 
Teo-ilc te«t data can be o-ed to indicate 
partial failure 


STRESS 

Laboratory tests may be run with internal 
or applied «treso Internal stress may be 
entimated by mechanical X ray or other 
methods’* Uith a suitable «et up applied 
tensile streao may be measured directly or 
from 'treNs-otram curies by means of ex 
tensometers or electric 'tram gages To 
ai Old comphcations it may be preferable to 
start with stress relieved material^ 

A constant load applied directly (Fig 2) 
through a lever (Fig 3), or by means of a 
spring (Fig 4) permits accurate measure 
ment of applied 'tress and gives quantitative 
results Precautions must be taken to keep 
the 'pecimens m line and it may be neces- 
'ary to protect the highlv tressed bolt hole 
region by painting or other means \'\eghts 
may be hung on the 'penmens «o Os to pro- 
duce bending (Fig 5) but eccentric loading 
(Fig 6) 'eems to give more coa.Ltent re- 
sults Such te«ts are inexpen ive but with 
materials having relatively high creep rates 
««ch as magnesium they must be med with 
ciL cretion 

To obtain streswCs more 'imilar to 'emce 
Fig 2 Stress Corro'ion Specimen Di conditions constant deformation is 'ome 
rect Load (Courtesy Dow Cbemieal times preferred U bend (Fig 7) and C- 
bend® specimens and other modifications^ 
have been used Care must be taken never to 
back up on nuts holding the «!pectmens or stress will be reheved Constant deformation 
may be applied m other ways as by pure ten ile stress without any bending or twist 
mg 8 Again the possibility of creep should be con-idered 

* H Buchholt* and R. Pusch Sla^I u Etten 21 (1942) 

’J C Hodge and J L. 'Miller Traiu Am Soc Vttalt 28 2s (1940) 

5 C S Barrett Melais and AUo],» B 131 154 170 196 224 (1934) C A Wilkins Melatlurtna 21 
Ho 117 1‘’0 (1943) ,, 

®M A Sched O Zmealcal J Waber and F Stockbausen Arn WMtng Soc J (Supplement) 27 

rw C Schroeder and A A Berk U S Department ol the Interior Bureau ofMnes Bull 443 (1941) 
*E H Pi2 Jr Tram Am.In»t Vrintnir Wet Engn 137 II (1940) 
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With ronstant deformation, cracks relieve the stress, and, if manj' small cracks 
form, growth of cracks may cease. With consent load, cracks increa.-;c the strcs,-> on 
I oraaming sound metal and hasten failure. Slre^ is constant only so long as dimen- 
sions do not change. Small eccentricities that throw excessive loads on certain parts 
of the test pieces must be avoided 
for consistent lesults. Even at high 
loads plastic flow will not distribute 
unequal distortion. 

In other than atmo.'pheric tests 
it is necessary to surround the 
specimen with the corrosive me- 
dium. One means of doing this is 
shown in Fig. 3. The center part 
of bent specimens may be im- 
mersed in the medium. Other 
methods are described in the litera- 
ture.®-*’ It may be necessary to pro- 
tect the specimen at the water 
line. 

ENnRONMENT 

For each metal, stress corrosion 
cracking is associated with specific 
environments. Tliese environments 
have to be leproduced in labora- 
tory tests. The more common en- 
vironments are described below. 

Altjiiinu.m 

Aluminum alloys high in zinc or 
magnesium have cracked in the 
atmosphere and in tap water. 

Stre.ss corrosion cracking tests may 
be run in these environments. How- 
ever, cracking is more rapid in salt 
solutions. Accoidingly it is more 
customary to use solutions con- 
taining 3 to 5% sodium chloride. 

Complete immersion, alternate Era. 3 , Stress Corrosion Specimen Surrounded 

immersion, and spray have been with Aqueous Medium, and with Load Applied 

used. To accelerate the tests, about through a Lever. (Courtesy Dow Chemical Co.) 

3 grams per liter of hydrogen 

peroxide* or 1 % of hydrochloric acid may be added to the salt solution. To accelerate 
corrosion still further an anodic current has been applied to the specimen.to The 
details of many tests are given by Sager, Brown, and Mears.tt 

• 9.1 ml of 309c njO* per liter of solution. 

® A. Morris. Tram. Am. Imt. Mining Met. Engrs., S9, 250 (19301 
E. II. Dix. Jr., Trane. Am. Inet. Mxnxng Met. Engrs , 137, 11 (1910). 

Stmponiim an .Slress-Corraeion Crac/.-ing (1044), p. 255, Amcricon Society for Testing Materials and 
.Vmcrican Institute of Mining and Metallurgical Engineers, Philadelphia and New York. 1945. 
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Brass and Other Copper Allots 

There are two outstanding accelerated stress corrosion cracking tests for copper 
alloys. The fir.=t is the ammonia cracking test. This endeavors to reproduce conditions 
causing service failures. Essentialb' the test involves exposing specimens to a gas 
phase containing ammonia, air, water vapor, and carbon dioxide. If desired, stress 

may be applied to the specimens. Several modifica- 
tions of this test have been publi.<hcd.t^d2 For 
reproducible results the temperature must be con- 
trolled and also the composition of the gas phase, 
particularly the carbon dioxide content. With this 
test there seems to be no threshold stress below’ 
w’hich cracking will not occur. Time to failure is a 
function of the stress. 

The other test is the mercury cracking 
test,’!'^"*.!'* ivhich is widely used. A solution con- 
taining 19o mercurous nitrate and I'/c nitric acid 
ig recommended.13 The specimens are degreased. 


Fig. 0. Stress Con-osion Speci- 
men, Eccentric Load. (Courtes 3 ’- 
Dow Chemical Co.) 

pickled in 40% nitric acid for 30 see, and immersed in this solution for 60 min at 
21° ± 5° C (70° d: 10° F). For each 6.5 sq cm (1 sq in.) of surface area there should 
be 10 ml of solution. The specimens must be carefully cleaned, but re.-^ults give con- 
siderable scatter. Cracks may be visible, but if not, the deposited mercury should be 
volatilized and the specimens ex.am.med at 10 to 20 ma^ideations. Craeking may 
occur after the specimens have stood in air for some houns. 

An alternative solution containing 10% mercurous nitrate and 1% nitric acid is 
sometimes specified.^'’ With this solution an immersion of 15 min is considered 

^ A. Morri.-", Tram. Am. 7ns(. Mining Met. Engrs., 89, 250 (1930). 

^ II. Rosnnthal and L. Jamieson, Proc. Am. Soc. Tenting Mnterinls, 41, 897 (1941). 

‘^n. P. Croft and G. Sachs. Iron Age, 161, (No. 10), 47 (1943); (No. 11), G2 (1943). 11. S. Rawdon, 
Pror. Am. Soc. Telling Material, 18 (II). 189 (1918). II. Gisacr, Metals and Alloys, 18, 238 (1942). 

“ A. S. T. .If. Standards, Part I, B11H2. p. 772 (1942). 
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«ufficieQt Cracking time decreases with increasing concentration of mercurous nitrate 
whereas the rate of mercurj depooition mcrea ca E\eeosue mercury deposition tends 
to hide the cracks 

Small lanations la acid concentration haie little influence on cracking tune if the 
'pecimens haie been thoroughlj pickled Crack, tend to tart at defect* and the 
fractures are ln^anabb welted with meremy Poluhing delaj cracking Mercurou 
salts are more actnc than mercuric wherefore te t solutions, should be stored mer 
mercur) Cracking time is independent of contamination of the solution up to a 
concentration of 2a grams of copper and/or zinc per liter 

The mercurj cracking te t «ecnv. ■niitable as, an lOapection te^t It is fa t and easj to 
control and repeals high internal streoo but it requires a minimum threshold stress 
Service cracking ha-j been known to occur m material that ha.s passed the mercurj 
test It can hardlj be called a tnie stress corrosion te^t 

The action of mercurj is probablj similar to that of molten metals ><» Molten 
metals penetrate stre ed material intergranularlj an effect that is not stnctlj 
classed as corrosion The ammonia cracking test la directly related to "tress corrcLion 
cracking and is more "uitable (or experimental studies 

Ibon* 

Caustic embrittlement i« the chief stress corro ion cracking problem with iron 
Accordmglj laboratorj tests have usuallj been made in cao-tic eolutiona^^ For 
field tets an embrittlement detector has been devised which can be attached 
directlj to a team boiler to determine if the water is capable of producing caustic 
embrittlement This i de..cribed on p 532 

StvINLEsS STEELf 

Intergranular corrosion of stamles «teel has been "tudied bj mean^ of 10% copper 
"ulfate plus 10% "ulfuric acid solution t No «mg!e solution ha v et prov ed eatufactorj 
for the tudj of tran.erj talline tre^s coiroLion cracking although acidified chloride 
"olutions eem indicated Boilmg 60% bjdrated magnesium chloride solution acidified 
with hv drocbloric acid to pH 4 was elected for *ome tests ^8 present boiling 42% 
magnesium chloride (154° C 309” F) is preferred 


MAGVESltni 

Stress corro.,ion cracking test, on magnesium allojs are iL.ualh made m 3% 
"odiura chloride «o)ution m a "OUlion containing 35% codium thlonde and 
2% potas.ium chromate or in the atmo phete both inland and marine The salt 
chromate olution u "aid to correlate fairlj well with exterior tesk. but not with tests 
m the salt solution 

• Refer alss to discuss on of embnttleiwDt n boileza, d 531 
FuiVt^er discus* on of stress corros on crsckine m stunlees allo) s appears os p 174 

t In this country somet tnes called Strauss solut on. 

L. J G van J Intt 3/*f 66 (I) 241 (193o) 

C ''chroeder and A- A Berk U S. Department of the Intenor Bureau of ilines Bvll 443 (1941) 
A Schel O ZmesVal 3 Waber and F StccUiausea Am Welding Soe J (‘tupplens*o'l ** 
493-e 1943 

1* W S I.oose Dow Cbemical Co pnvate commun cation 
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SPECIAL METHODS 

Tests for Brass 

C. L. Bulow* 

DEZIXCIFICATIOX 

Solutions of cupric chloride (cupric sulfate and ferric chloride) have been used in 
accelerated laboratorj- corrosion tests in studying the effect of alloy elements on the 
susceptibility of the Cu-Zn alloys to dczincification. Generally the tests are conducted 
with simple equipment under the following conditions: 

Temperahtre : 20° to S0° C (6S° to 175° F). 

Specimens: Flat tensile specimens (0.050 in. gage; approximately 70 sq cm of 
surface) made to A. S. T. M. Designation E8— 42. 

Velocity: Specimens completely submerged, either motionless or moving at a rate 
of 40 cm per min (16 in. per min). 

Concentration: 10 grams of cupric chloride per liter of solution. (Sometimes 
hj’drochloric acid is added.) 

Ratio oj Solution Volume to specimen surface area: 2000 ml of solution per 
A. S. T. M. tension specimen. 

Degree oj Aeration: None, or numerous fine bubbles of air pioduced by passing one 
liter of air per minute through a No. 3 Pyrex porous' glass plate. 

Duration oj Tests: Five to 30 weeks, depending upon alloy and temperature. 

The ratio of depth of penetration based upon loss in tensile strength to the depth 
of penetration based on loss in weight gives a measure of any dezincification. A ratio 
of appioximately 1.3 to 1.6 indicates uniform corrosion whereas a ratio of 3.0 to 6.0 
or more indicates dezincification. This assumes uniform and careful cleaning. The 
nature of the corrosive attack should be checked by microscopic examination to detect 
cracking, intergranular corrosion, or pitting. This method of testing has given some 
information concerning the possible effectiveness of various dezincification inhibitors. 
Like many accelerated laboratory tests, the results obtained require the confirmation 
of field and service tests. 

IMPINGEMENT CORROSION TEST 

Various tj^pes of impingement tests have been used in the laboratorj’ to studj- the 
effect of air-water impingement upon the copper-base alloj-s. This resulted in the 
discoverj’ that entrained air in a turbulent stream of water entering a condenser tube 
m.ay lead to the rapid pitting of the tube. The laboratory tost that simulates .service 
conditions in the best manner is the one that consists of a stream of natural water 
(fresh, brackish, or sea water coming from a lake, river, harbor, or the ocean), 
containing a known or fixed amount of air, directed against a small .=pecimon of the 
alloy in question. It i« advisable to conduct these tests through all seasons of the year. 
The essential parts of such a piece of testing equipment are shown in Fig. 1. 

Tests conducted with such equipment have revealed: 

1. That small quantities of air added to a stream of water may not be damaging, 
but beyond a critical quantitj-, the increase in rate of pitting is approximately 
proportional to the quantitj’ of air. 

* Bridgeport Brass Co., BridReport, Conn. 
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2 That the rate of pitting during the -winter season differs quite markedlj from 
the rate obtained during the summer reason 



Tig 1 Design of Jet for Impingeroent Tests (Alan Morns Seasonal Variation m Rate 
of Irapingement Corrosion Trana Am Jnat Vtntna Engrt 99 274 {1932) ) 


SEASON CRACKING TESTS 
Refer to Trait /or Stress Corrosion Cracking p 1013 


Tests for Stainless Steels 

H A PK\r* 

A number of special laboratorj test metliodo for determining the corrosion 
charaeteri tica of the «tainles» steels are id current u.e Onij the more significant of 
them will be described here In general their function is to gi\e information relating 
to certain particular properties of the material such ai> re^i tance to oxidizing acid 
attack su^ceptibilitj to intergranular corra ion or resistance to pitting The data 
obtained from such tests ordinarjlj bear no direct relation to behaiior la a particular 
«enice and care and judgment muat be exercL.ed in their interpretation and 
application 


BOIUNG NITRIC ACID TEST 

This la the most commonly used acceptance and quality te.t for the Fe-Cr Ni 
and the Fe-Cr allots The effects of poorI> balanced alloj compo..ition and of 
improper heat treatment are revealed by the test It should not be used as the ba'is 
for prediction of behavior m other than nitnc acid sen ice although the te t results 
can be so used if correlated with previous experience with «imi!ar allojs m the 
particular service in question The test has proved very useful in the development 
of improved alloja and heat treatments 

First described by W R Huey,* the details of testing procedure have changed 
'omewbat «mce the original description The following procedure is representative of 
• BatuDe Aleraonal Inst tut« Columbus Obio 
*7’ran« Am Soc Sled T'talmg 16 1120(1930) 
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present practice and is in conformance with current (unpublished) A.S.T. 
recommendations. 

Connosivi: Medium 

The solution u.sed is C.P. analytical reagent grade nitric acid, adju-slcd with 
distilled water to 65% ± 0.2% by weight as determined by analysis. 

ArPARATUS 

The nitric acid solution is maintained at boiling temperature, usually in a 1-liler 
Erlcnmeyer flask piovided with either a 30-in. reflux condcn.«er (with giound gla.'-s 
joint) or a bulb-type condenser to prevent loss of acid. The fla.sk is fitted witii gla."-, 
hooks or cradles for supporting the test specimen. The ordinary laboratoi-y electric 
hot plate is satisfactorj' for heating. A typical set-up is shown in Fig. 1. 



Fit!. 1. Laboratory Set-up for Boiling Nitric Acid Test. 


Test Specime.v 

The size and .shape of the .specimens arc determined by the type of product being 
tested and the capacity of the apparatus available. The surface area of the specimen 
is limited in accordance with the volume of nitric acid solution ar=ed. In cutting the 
.specimen, care is taken to avoid an unnecessarily large cros-s-ectional area, or, in the 
case of a c.asting, a large area from its interior. With the 1-Iitcr flask described above, 
it is usually pos.sible to secure an adequate la-t specimen that can be weighed on an 
analytical balance. 

Except where it is necessarj' to lest a particular surface finish, all surfaces of the 
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«pecirneiis are finished with \o 120 gnt abra^i\e paper The specimen 13 then mess- 
ured and the total surface area calculated It is then degreased m acetone or other 
suitable «ohent dried and weighed 


PROCEDt^HE 

The «^ecimen 1 * complete^ immer«ed m a quanti^ of the mine acid toluhoa 
ufficient to p^o^^de at lea 1 12o ml of solution persq m (19 ml/ q cm) of 'urface arei 
The solution la heated to boiling and maintained at boiling for a period of 4S hour® 
The specimen la removed nmed freed of anj adherent corro ion producL dried 
=olvent degreased and weighed The te-t la repeated to a total of fi\ e 4S-hour period 
weight loas being determined and fre^h acid froiided for each tert period 
A separate fia-k la ordinarily Uaed for each specimen although a number mai be 
tested in the came container proiided (1) the total area does not exceed the 12o 
ml per cq m requirement (2) the matenala are of the same tj-pe and (3) the 
corrosion rate of none of the T>ecimeiia is exc€s;n\e 
In manj caae» a^ much information x. secured at the end of three test penoda as 
at the end of fiie Howeier ma.1 pecificationa require that the fiie-penod te* be 
completed and it is con-idered to be the safer practice It la urualJy unnecc5.ary to 
make duplicate terts 


RtsX7LTs> 

Data are mo t commonlv reported as mebes penetration per month (SO daja) for 
each te.t penod and for the entire 240 hours Thia may be calculated from the 
weight loaS u-uig the following equation 


Penetration (m. /month) 


43 9 X Wt loss (grams) 

\rea (sq in.) X Densitj (grams cc) X Time of test (hr) 


Examples of data obtamed from the te-t are given in Table 1 AUor \ B and C 
are compojtions that differ in average conra ion rate but «how satufactorj eonstanev 
of rate from period to period This comtanev of rate indicate^ that the allovs have 
been properh beat treated Allov D «=how3 about the <ame av erage rate as alio' C 
The mdmdual period rates however increase progrcsciv elj The heat treatment oi 
fbix material wa^ the same a* for A B and C The fact that the corrtxion rate 
increa^ea from penod to penod indicates in this ca^e that the compoEition is outside 


Table 1 ESAilPLEs OF CORROsION D\TA FOR CtST 19^CR-0^o^* 
ALLOTS IN BOILING fo*!. HNO 


penetration 


^oy 


B 

C 

D 

E 


0 COOS’ 
0 COllo 

0 com 
0 00112 

0 OOsSs 


m./montii from Weight Iamb — 4S-Hour Test Periods 




2 3 4 5 


0 000”'» 
0 0011" 
0 00185 
0 001s2 

0 oms 


O 0007» 
O 00114 
O OOlGa 
0 001 &> 


0 00073 
0 00113 
0 001“3 
0 0019s 


0 000 "" 
0 OOIlo 
0 COl”’ 
0 00^ 


0 000"" 
0 00113 

0 001 s 

0 001 7 


the range amenable to the heat treatment to which A B and C respond The allot 
m that condition would be con idered imrmtsble for manv u e -tJlov E 1 identical 
in compo ition with k but differ* m heat treatment The ten high corro. ion rate 
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nnd the rapid increase shown in the second tost period are indicative of the severe 
intergranular attack which was evident on subsequent microscopic examination. 

IXTERGllAXULAR CORROSIOX TESTS 
The aiKstcnitic stainle.ss steels in certain environments and with certain thermal 
histories are .subject to intergranular attack as.sociatod with the precipitation of 
carbide.s at the grain boundaric.s. (Discu.=scd on p. IGl.) The .susceptibility of a given 
material to intergranular corrosion can be detected by micro-scopic examination for 
the presence of precipitated intergranular carbides, and the relative susceptibility 
can be determined by special corro.sion tests. 

Boiling Nitric Acid Test 

As indicated in Table 1 (alloy E), a high corrosion rate and a rapidly increasing 
rate during succe.ssivc periods of the boiling 65% nitric acid test are evidence of 
intergranular susceptibility. The test procedure can be modified to give a more 
nearly quantitative idea of the relative susceptibility of materials, particularly useful 
for cast alloys. 



Fio. 2. DiiiRram of Apparatus for Measuring the Cliango in Electrical Resistance Cau.scd 

by Intergranular C(>rro.sion. 

The modification consists in me,a.surcment of the change in electrical re.sistance, .as 
well as weight loss, of the test .specimen. Figure 2 describes diagrammatically a 
method of making the electrical resistance mea.surements. Dimen.sions of the t&-=t 
specimen determine the preci.^ion with which they can be made. Intergranular attack 
decreases the effective crass section of the .sample for current flow, and the depth 
of intergranular penetration is readily calculated from the resulting increase in 
electrical rosi,=lance.- 

* J. J. B. Uutliprforil uml II. II. Aborn, Trun*. Am. Jmt. Afttiiny Met. 100, 293 (1032), 
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Id. the absence of mtergranukr attack, the penetratioQ calculated from weight loss 
and that calculated from the increase m electrical resistance are the 'ame or nearly 
so, the agreement between the two \alues being dependent upon the precision of 
the resistance measurements ObMOUsly, if intergranular corrosion occurs, the \alue 
determined by the resiatance method la the greater of the two The ratio of the 
electrical resistance penetration to the weight loss penetration is an index to the 
character of the attack "W hen this ratio is small, corro'ion 13 relati\ elj uniform 
and confined to the metal surface, whereas high \alues indicate the occurrence of 
intergranular attack 

Examples of data obtained from a single alloy in xarious conditions of heat 
treatment are shown in. Table 2 The spectcaen of example F was not attacked 
intergranularij, whereas the •:pecimens of examples G, H, and I were The seieritj 
of intergranular attack is, at least, semi-quantitatively defined by the magnitude 
of the ratio 


Table 2 EXAMPLES OF CORROSION DATA FOR A CAST i9% Cr-9% Ni 
ALLOY IN BOILING 65% NITRIC ACID 


Esaraple 

Areraee Penetratioa (in /month) 

From Wu Lorn (H 

From Electrical j 

BwiaVance ' 

Ratio a lb 

T 

0 00003 

0 0009 

1 0 

G 

0 00244 

0 0042 

1 7 

H 

0 00o49 

0 0207 

3 8 

1 

0 00003 

0 OoSO 

0 5 


CoPPEH SVLTATE AND SXfLFUKIC AciD TeST 
This teats is at pre eat in u«e to a limited extent for determining relatne inter* 
granular ‘lueeeptibilitj It depends upon the highly selects e attack of the boiling 
CuSOa HaSOi. mixture on the susceptible grain-boundary material Fully quecch- 
annealed austemte is attacked at an extremely slow rate The corrosive solution now 
generally used contains 47 ml per lifer of concentrated C-P sulfuric acid and 13 
grams/liter of CuSOi SHjO The specimen is totally imraer ed m the boiling solution 
m an apparatus similar to that lued for the boiling nitric acid test The test is 
ordinarily conducted for an indefinite number of 72 hour periods, with fre«h solution 
provuded for each penod A specimen is considered to be susceptible if cracks appear 
when it IS subjected to a bend of 180® oxer a radius of half the specimen thickness 
The time on test before the appearance of these cracks defines the relative su cepti- 
bihty of diSerent specimens 

More nearly quantitative information can be obtained by’ u e of electrical 
resistance mea-ureraents * 

The test has proved useful in the study of intergranular corrosion of stainless 
steels, but it is considerably less sensitive m revealing susceptibility than boiling 
nitnc acid This is shown by the examples listed in Table 3 Examples J and K show 
no ev’idence of intergranular attack m either reagent In the absence of intergranular 
corrosion, it can be «een that the CuS 04 HnSOi solution corrodes the alloy very 
slowly, whereas appreciable rates are observed for an identical specimen in the nitric 

* B Strauss H. Scholtky and J HionQber, Z anoro aUgem dtern 188 309 (1930) 

♦j J B Rutherford and R. IL Aborn Trant Am Iml Mxn\ng Met. Engrt ,100 293 (1932) 
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Table 3. COMPARISON OF THR RATES OF PENETRATION (in./monfh) 
OF CAST 19% Cr-9% Ni ALLOYS IN BOILING 057o HNOa AND BOILING 

CuSOt-HiSOa SOLUTIONS 


Example 

j 

Nitric 

Acid* 

CuSOr-IkSOt 

From 

Weight Loss 

From 

Electrical 

Resistance 

From 

Weight Losst 

From 

Electrical 

Rcsistancct 

Total Time 
of Test (hr) 

j 

0.0013 

0.0010 

0.00002 

0.0000 

2SS 

K 

0.0018 

O.OOIS 

0.00003 

0.0001 

2SS 

L 

0.0024 

0.0235 

0.00003 

0.0002 

SCA 

M 

O.OOGG 

0.0770 

0.00105 

0.0-151 

2SS 


• Average of five 48-hr perioda. 

t Calculated penetration for examples J, K, and L using CuS 0 rn 2 S 04 is of the same order as the 
experimental error; hence interpretation is uncertain. 


acid test. The .specimen of example L is clearly shown to be susceptible by the nitric 
acid test, but the similar effect of the CuS04-H2S04 reagent, even after prolonged 
exposure, does not reveal this fact. The higher carbon, and therefore more susceptible, 
allo3' M is shown to bo definiteli' subject to intergranular corrosion bj^ either te.st. 

The principal difficulties in the use of the CUSO4-H2SO4 test lie in its lack of 
sensitivitj' and in the uncertaintj' regarding the duration of test that is necessarj^ to 
reveal carbide precipitation. This is particularlj’ true in cases of low or intermediate 
susceptibilitj'. 

Electrolytic Test 

A rapid te.st for determining the susceptibiltj'- of the austenitic Cr-Ni-Fe alloj-s to 
intergranular corrosion has been developed^ whereby precipitated carbides arc 
revealed bj' anodic surface treatment. 

A diagram of the cell and of the elec- 
trical circuit used are shown in Fig. 3. 

The electroljde is placed in the small 
lead cup, C, which serves as the cathode, 
is insulated from the test specimen, D, 
bj' a rubber ga.sket, E, and is held firmly 
in place by an insulated clamp. The size 
of the spot can be changed to fit condi- 
tions. An area of contact between speci- 
men and electrolj'te % in. in diameter is 
a convenient size. A 6- to 9-volt battery, 
a variable rc.^i.stance, and a 10-amp am- 
meter are connected in the circuit as 
shown. 

The area to be tested is given a fairl3’ 
smooth finish with several grades of em- 
ery paper to correspond to the first stage 
of a metallographic preparation. All 
scratches, however, need not be removed. 

® R. W. Ru?sdl, H. .\. Pray, and P. D. Miller, Trans. Am. Inst. Minini; Mel. Enin's,, 146, 357 (1041 ); 
Trxins^ Am. Ftmn(/n/men*8 Assoc., 60, 918 (1942). 



Fig. 3. Electrolj-tic Cell Used in I apid 
Test for Intergranular Susceptibility of 
Austenitic Stainles.s Steels. 
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The electroljte is a 60% (bj weight) solution of a sulfuric acid, coataming 
5 ml/liter of Glj cvrrhiza Extract U S P (hconce extract) 

To conduct the te t 2 ml of electrolyte are placed in the cell, and the current 
adjiteted to an anode current denatj of 14 amp per 'q in With a spot % in in 
diameter this amounts to amp As the treatment progresses some heating of the 
electroljte occurs but the current la maintained bj adjuotment of the variable 
re^iatance The t me required for 19%Cr-9%\i allojs i* mm and for moljb 
denum-containing allo^^. 3 min 

After the =pecimen la nnsed and dried the treated spot la %Taually examined or 
photographed under oblique light In the absence of intergranular precipitated 
carbide the te t surface will ha\e acquired a high specular reflectnitj so that it 
appears black under oblique illumination However precipitated carbides if present 
are selectn elj attacked and impart a rough frootj or grainy appearance to the spot 
under the 'ame illuminating condition The angle of illumination should be 20' 
or lesa 

The ‘^en'itnitj of the test i es entiallj the ame as for the boiling mtnc acid te-t 
The principal difRcultj la interpreting the appearance of the «pot "With a little 
experience m ita u e the operator is able to re' cal as much i^ormation on the 
existence of carbide precipitation and 5u.ceptibilit> to intergranular attack by tha 
test a^ by the more laborious and time^onsummg nitric acid test 

PIT CORROSION TESTS 

Under «ome conditions of exponire the «tamle.s «teela are subject to a seiere 
pitting tjpe attack particularly in the presence of chlorides (Ducus ed on p 16o) 
Various chloride solution- particularly feme chloride ha\ e been u ed in laboratory 
teats to c'aluate the re^iatance of materials to this tendency Feme chloride and 
mixtures of ferric with other chloride, in solution will cause pitting of the«e alloy* 
The phenomenon la more or Icas erratic and the pitting te ts haie been mo*t 
eucceN.ful m demonstrating gross differences between materials susceptible to this 
('Tie of attack 

The mo t effectne procedure is described in detail by Smith® 

The apparatus is es«entiallj an inxerted U-tube the legs of wluch are water 
jacketed The lower open ends of the lube fit into a glass di^k V hen the apparatus 
L. filled with the corro^ne medium the disk is put into loose contact with the sample 
to be tested and solution is cained to circulate o\er tbe 'pecimen surface by main 
taming a temperature differential between the two legs of the tube The test solution 
contains 105% FeCls 6 H 2 O in OOoA’' HCI although the more resistant materials 
require a more concentrated solution The duration of the te't is ordinarily 4 hr 
Both weight I 0 .S and the number of xisible pits are recorded It is necessary to probe 
the <qirface with a needle (dental probe) to reieal the depth of pitting since 
undercutting is presalent 

The te®t has been u eful m dexelopment work although correlation between test 
results and service hehsMor has not been fully established * 


STRE«SS CORROSION CRACKING 
Refer to Stress Corrosion Cracking in Stainless Alloys, p 174 

* Some comparative data are listed in Table 2 p 172 
® H Smifb l/fW Profess 33 ^4fl> (193S} 
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Steam Test for Zinc 

E. A. Anderson* 

Zinc die casting alloys deficient in magnesium or exceeding the A.S.T. M. limits 
(see specification B86-43) lor impurity content are subject in service to subsurface 
corrosion, generally of an intercrystalline type. This occurs most rapidly in warm, 
moist atmospheres. A laboratory test to simulate service failures of this type has 
been in widespread use. It consists of exposing samples in an atmosphere of air 
saturated with water at 95° C (203° F) under conditions permitting condensation 
of hot water on the metal. This condensation is accomplished by suspending the 
samples in an insulated air chamber over a water bath containing immersed heating 
units. The water temperature is adjusted to keep the atmosphere temperature at 
95° C (203° F). To obtain results comparable with other installations, it is often 
nccessaiy to use an average temperature slightly above or below 95° C. 

Experience has shown that castings whose properties (e.g., impact strength) and 
dimensions are not significantly altered by a 10-day exposure in this test will not 
.suffer intergranular attack in atmospheric service. Conversely, castings damaged in 
this test also fail in service. 

Although the 95° C steam test has been used to some extent as an acceptance or 
control test, it is best used as a laboratory tool in the evaluation of new alloys. 
Control and acceptance requirements are adequately covered by analytical determina- 
tions of the composition and the impurity contents. 


Testing of Organic Coatingsf 
K. G. CoMPTONt AND R. J. PhairJ 

Two general procedures may be followed in establishing the corrosion protection 
afforded by organic finish systems. One method is based on exposure studies in 
various corrosive environments for sufficient intervals of time to develop visible 
deterioration of the coating or corrosion of the base. The second procedure consi.sls 
in making measurements of the physical properties of the organic coatings at periodic 
intervals during exposure and in estimating the amount of expected protection from 
the rates of degradation. 

Nearly all of the exposure tests made upon bare metals or metallic coatings are 
utilized in evaluating the protective level of organic coatings. In general, these 
include the natural environments such as indoor and outdoor atmospheric expo.sure, 
sea water immersion, and burial in the soil; and the various laboratorv' media such 
as humidity rooms, salt-spray chambeis, cycling devices, and exim.sure to various 
chemicals. 

In making comparisons of the corrosion protection afforded by organic coatings, it 
is usually advisable to employ panel stock of the same material as that to which the 
coatings will be applied in use, and it is extremely important that the surfaces of the 
test specimen be properly prepared. Improper surface preparation may seriously 


• Rcsoaroh Division. New Jersey Zino Co.. Palmerton, Pa. 
t Refer also to Field Testing of Paints, p. 1071. 
t Rell Telephone Laboratories. New York. N. Y 
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affect adherencei -2 3 of the organic coatings and iitiate the test results For exposure 
testing of organic coatings on steel surfaces, a tentative method^ covering the type 
of steel its surface condition and metboda for surface preparation is av aikble 

APPLICATION OF COATINGS AND MEAStmEMENT OF FILM THICKNTSa 
Since it has been repeatedly demott-tmted that the thickness of the organic coating 
has decided effects on its protective level and pbj ical characteristics much attention 
has been devoted to methods for applying films of controlled and uniform thickness 
The development of automatic spray machine *» controlled dipping devices® and 
doctor blade application methods'^ has made possible the control of films to within 
0002o mm (00001 in) of the desired thickness Comparative studies^ of the various 
methods of controlled application have been undertaken and A S T Method 
D-82^oT tov ermg the different application techniques has been prepared 
Measurement of dry film thickness may be accomplished by 'ev eral means Theee 
include (1) accurate micrometer mea-ureinents of a «pot on the panel before and after 
removal of the film (2) needle penetration device^® with electrical indication of 
contact with the ba^e «urfaces and (3) magnetic method* measuring jn arbitrary 
units® the change m attractive force (with variations of film thickness) between a 
magnet and the ba e or being influenced by the reluctance of a magnetic circuit 
produced bv mterpo^ition of a non magnetic film between the measuring device^ 
and a magnetic ba«e A method** ba. ed on a change of inductance is reputed to give 
reliable results when measuring DOD*conducttng films on con magnetic ba^cs 


EVALUATING PROTECTION 

The method for determining corrosion protection based on expo ure to the point 
of failure is estimated by measunng a* a function of exposure time the depth of 
pitting*” or weight loss m the ba.c and by v i ual estimates of the degree of deteriora 
tion of the coating or the amount and type of coiro ion co\ ermg the surface E-timates 
of the type and degree of paint deterioration and of the amount of corra.ion dev el 
oped are Usually ba-ed on arbitrary numerical or descriptive 'cales originated by the 
separate investigators*® Efforts at 'Standardization of visual methods have re-ulted 
m the establuhment of photographic guides one of which indexes and illu trates ■'ix 
degresa ot curro son xvtlbcral Va^wmg and Itrar iegiT-es TvAt Wn 
repre..ents degrees of paint detenorafion *'* 

* Nation! Paint Varmsh and Lacquer AesonstioD Scieiitifie ^ect on Circ G04 pp SOI j‘’8(I941) 
*L V Jordan Che nitlry and Indutiry 56 361 371 (1937) 

* IL M Burns and A E Schub 7’roferfjt* Coafinpe/or hfelalt pp 312 321 Re nbold PublisSung Corp 
New-york 1939 

* A S X V Slandorda D-C0>AoT Part II Supplement p 182 (1945) 

SH. G Arit ilelallnd. (Newy<wV) 35 123 124 (1910) 

« H. F Payne Ind En<j Chem Anal Ed 15 4S-5C (1943) 

* National Paint \ arniah and Lacquer Aasoc ation Sctenti&c Section Cire 604 pp 41o-136 (1941) 

*R.E Wbeeler ProdacU Fxnuhxng S 54 *6 aS (April 1941) 

» A. Brenner J Reeeafch \a/l Bur Standards JO 3*7 368 (193S) 

«E S Gallagher Am. JracAintif 86 115 d-1157 (1942) 

L. Alexander and Otbers JnA.Eng AnaLEd 17 3S9-393 (194o) 

l^G IL Young and Others 7nd Eng Chen. 36 341 344 (1944) 

** H. A Gardner Physical and Chemxccd Ezamxnatxon of Paxntx Vorntshet Laccpiert and CM's 9 o 
Ed pp lo8-la9 Inst tule of Paint and A armah Research TVashington D C 1939 
*4A S X V Standards D-6IO-43 Part II pp 1109-1115(1944) 

I* National p9 nt \ ami«h and Lacquer Aaaoeiat on Scientific <^1 on Fed. Papers pp 79-92 (1940) 
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A modification of the usual visual method of evaluating corrosion resistance 
involves application of the finish to a thin iron foil (0.127 mm [0.005 in.]) secured 
to a transparent backing.^*’’ Bccau.=e of the thinness of the metal ba«c the occurrence 
of corrosive attack is almost immediately visible tlirough the lran.sparont backing, 
]icrmitling evaluation before evidence of attack becomes visible at the finish surface. 

In the second method of evaluation based on measurements of the ph 3 'sical 
characteristics of the coating and the rate of change of these properties during 
exposure, selection of the tests depends in large measure on the proposed usage of 
the finish sj'stem. However, since adequacy' of the coating as a protective medium 
is dependent in large measure on its adhesional level and distensibilitj’, phj'sical tests 
showing changes in these properties are basic in indicating rates of degradation. 
Associated with these tests, initial measurements of moisture permeability of the film 
and of the electrochemical behavior as influenced by pigmentation are valuable in 
determining the probable protective level. In addition to corrosion protection, the 
selection of protective coatings is influenced bj' the amount and kind of pln’sical abuse 
to be expected during their service life; hence tests that evaluate impact and 
abrasion resistances and hardness are frequently cmploj’cd. 

Since temperature and humidity have decided effects^'? on the phj'sical charac- 
teristics of organic coatings, equilibration to some standard conditions at each testing 
period is extremelj' important, if valid results are to be obtained. 


ADHESIONAL MEASUREMENTS 

In the actual measurement of the adherence of a coating to its base, the results 
are modified and influenced by such other characteristics of the film as its cohesion, 
plasticity, and brittleness. For instance, in the direct tensile method of measurement, 
unless coherence of the film structure is greater than the adhesion between coating 
and base it will be the former rather than the latter property that will be evaluated. 
From a theoretical standpoint, therefore, the various methods for determining 
adherence may not be whollj' adequate, but in practice reasonable correlation is 
obtained between the test results and performance on exposure. 

The methods commonly emploj'ed maj’ be grouped in three general classifications; 
those dependent (1) on direct tensile pull, (2) on scratching or cutting action, and 
(3) on deformation of the base. Onlj' a limited number of instruments representative 
of the various groups^s -nrill be mentioned here. 

Tensile Pull Test 

A critical surve.v^i* of available methods undertaken bj' the New York Paint and 
Varnish Production Club to establish a satisfactory adhesion tester led to the 
adoption of a technique based on tensile pull. In this methodic the adhesional level 
is expressed as the force, applied parallel to the plane of the film, required to strip 
the coating from the base. The painted panel is secured in one jaw of a tensile test 
machine, and a wooden block secured under pressure to the paint .surface with a 
thermoplastic cement so as to cover a standardized area of film, is held in the other. 

G. D. Paltcrson and C. K. Sloan, Ind. Eng. Chem., Anal, Ed., 16, 2,31-238 (1044). 

11. M. Burns and A. E. Schuli, ProUclhe Coatings /or Afcinis, p. ,337, Iteinliold I’ublisliing Corp., New 
York, 1930. 

H. A. Gardner, Physical and Otnnicnl Examination of Painltt, VarniK/ics, Lacquers, and Colors Otli 
r.d., pp. 12.3-12S. Institnlo ol Paint and Yarniali Bcsearcli, Wa,«liJnKlon, D. C., 10,30. 

Nation.al Paint, Varnish and Lacquer .Association, Scientific Section, Fed. Papers, pp. 123-140 (1040). 

National P.aint, Varnish and Lacquer Association, Scientific .Section, Circ. 004, pp, 439-482 (1941). 
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A modificatiQuSi of this techaique reported m a study of adhesion of lacquers to metal 
involves small areas of contact and therefore permits bonding of the two previous!} 
painted 'ections of the tensile specimen by application of the same material as that 
under test 

Scratching Method 

Adhesion valuation by the scratching or cutting method is accomplished by- 
measuring the force that must be apphed to a cuttmg or scratching tool to remove 
the finish from its base The tool may be relativ ely blunt^'* 23 and thua, tend to pvLh 
the film from the substrate as it is drawn over the finish or it may be sharpened to 
a knife edge and introduced to the finish surface m such a manner as to tjjg 

film from the base or to act as a wedg^a forced between the two elements In the.e 
methoda gradually increasing presures are applied until stripping of the film occurs 
or the reactiv e force la transmitted to cahbrated spring or lev er arrangements wh ch 
indicate the pre;>.uTes dev eloped Stresses developed in an attached film as it is cut in 
successive parallel lines will be sufficient to di«place the coating if the area between 
such cuts IS ‘'mall enough The spacing between lines to produce displacement of the 
film will be decreased as the adhesional level increases A machine ba'ed on this 
principle has been announced 2 C Reasonable degrees of precuion have been reported 
but the ductility and cohesion of the film and any non uniformity of the substrate 
surface influence quantitative interpretalions of the results obtained by the«e 
method: 

Defobmatiov of the Base 

Estimations of adhesional level based on the behavior of the applied paint during 
deformation of the base as with the Erickson tester '’f have been advocated 2® “s 
In operation a hemiaphencal plunger is slowly forced down on the back of the te^t 
panel which is supported on a firm ba e having a round opening beneath the plunger 
This action is continued until rupture of the film occurs It is apparent however that 
the distensibility or elongation characteristics of the coating will affect the results 
obtained by this method 


DISTE^SIBILITY 

Determinations of the distensibility or elongation characteristics of attached 
organic films have «ervGd as useful entena*’* m estimating their aging behavior 
Measurements of thi* property are made by direct extension of the base to which the 
coating IS applied or by bending the coated 'pecimen ov er a mandrel In the former 
method'’^ a coated specimen is slowly stretched in a modified tensile machine until 
the coating ruptures From the increase in distance between lines scratched in the 
metal before the extension the percentage of elongation may be determined In the 
latter method'’^ coated metal strips are bent over a senes of cylmdrical mandrel 

R. L. Savage and Othera Am Faiitl J «T 13 13 (Oct 27 1942) 

** E RoBSmann Farhe u Lack pp 480-497 (1938) 

“ R. J Phair Bell Lab Record 23 (8) 284 288 (1945) 

«P Koole PkStpsTech Bn 8 (5) 147 US (1946) 

“ W Konig Farben Ztg 44 1230-1232 (1939) 

K N Kathiu Ind Eng Chem Anal Ed 16 144 0944) 

MH-A Gardner Phyneal and Chemical Examiiialton of Paxnt Varmthes Laeguert and Colon 9th E 
p 123 Inst tute of Pa nt and Varmsh Research Wash naion D C 1939 
**A.V Blom paint Oa Cbm Ret 101 9 10(1939) 

A, E Schuh and H C Theuerer Ind Eno Chem Anal Ed 29 9-12 (1937) 
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which vnrj' in diameter. The degree to which the film may be distended is determined 
by the .smallest diameter mandrel over which bending occurs without rupture of the 
coating. The amount of elongation at the surface of ’,-^-in. panels when bent over the 
variovis mandrels has been experimentally determined for three different metals, and 
the results may therefore be expressed as percentage of elongation. 

Thi.s method, however, is discontinuous and groups the coating in one of six levels 
of distenaibility. To overcome this drawback, a conical mandreP*' apparatu,-, which 
would give a continuous rather than a stepwise evaluation, has been developed. The 
mandrel, which is 8 in. long, varies in diameter from 0.317 cm (0.125 in.) at the 
smaller end to 3.8 cm (1.5 in.) at the larger end. A drawbar avraps the coated panel 
closely around the mandrel, and the distensibility is determined from the maximum 
diameter at which rupture of the film occurs. Evaluation is facilitated by charts giving 
percentage of elongation in terms of distance from the base of the cone. The method 
is approved under A. S.T. hi. designation D-522-41. 

The Ericlffion tester previously mentioned is also employed in determining 
distensibility. 


IMPACT AND ABIDVSION RESISTANCE 

Testers giving a measure of the resistance that may be expected of a coating when 
subjected to impact shock and to abrasive action are useful in determining the degree 
to which a coaling will preserve continuity of coverage in service. 

Impact Resistance 

Impact resistance may be measured bj' the free falling ball method or by hammer 
arrangements. In one of the simplest devices a .■steel ball is dropped from a fixed 
height on to the test panel. The number of falls nccessaiy to produce rupture of the 
finish is a measure of the impact resistance. A somewhat similar principle is utilized 
in a falling hammer device,-*^ which is loosely pivoted at the handle end and is 
dropped from a vertical position on to the panel. The height of the hammer is 
adjustable, permitting direct or glancing blows, and the striking surface of the 
hammer may be either ball-like or ehi.'iol-shaped. 

A further modification of impact testing is realized in a machine^- in which a 
loosely pivoted arm rounded to a ball on the impacting end is rotated at gradually 
incrca.sing speed and strikes glancing blows on the coated surface as the test speci- 
men is moved beneath it at a rate synchronized to the hammer rotation. Impact 
resistance is expre.s.sed as the speed of rotation of the hammer required to cause 
rupture of the coating through to the base. 

.\iiiusiON Resist^vnce 

Devices that measure abrasion re.sistance maj'^ be separated into two groups. In one 
group, the abrading is accomplished by the rubbing action of the abrasive medium, 
whereas in the other, abrasive particles impinge on the paint surface. The rubbing 
technique is exemplified in a well-known abrading device^s in which the test panel is 
mounted on a table rotating at a definite speed beneath two arms carrying abrasive 

’"If. G. Aril. American .Society for Testing Matcrial.s, Bull, 89. pp. 5-9 (December, 1937). 

11. A. Gardner, Phi/tical and Chemical Examination of Paints, Varnishes, Lacqners, and Colors, 9th 
I'd., p. l2o, Institute of Puint nncl Varnish Uescarch, Washington. D. C., 1039. 

”n. G. Arlt, licit L<ih. liccord. 16 (4), lOS-llO (I93G). 

^ H. A. Gardner, Phtnimi arui Cherment Examination oj Paints, Varnidtes, Laccfurrs, and Colors 0th 
nd., p. 131, Inslitutp of l^aint and Vaniish Itcsparch, Washington, D. C., 1030. 
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wheeL The arnia are freely pi\ oted, permitting the wheel, to rest on the paint surface 
m «:uch a position that a 'hearing action is developed Mounting the panel to the 
table requireo that a hole be drilled m the center of the specimen The preci ion 
IS dependent on the preser%ation of imiformit} of the abrading surface durm-' tc.t 
and on the temperature developed dunng abra«ion Abrasion resistance is expressed 
as the number of reiolutions of the specimen beneath the wheels required to expose 
the base 

Abrasion by impingement is accomplished in a tester^* emplojing a finelj dnidcl 
abrasn e, which is drn en against the paint surface under a controlled air blast The 
abrasne falling at a controlled rate through an orifice, eaters a special nozzle in 
which it 13 picked up bj the air stream and stnkes the specimen mounted beneath it 
Abra'ion resistance lo expiea,.ed aa the number of grams of abrasne required to wear 
through the coating and expo«e a defimte area of the base surface The results are 
influenced by such factors as abrasive particle size, nozzle dimensions, air pressure 
and angle of impingement Bj careful control of these xariables*^ a high degree of 
reproducibilitj i^ realizable The method has been tentatnely approved under 
A. S T M Standards designation D-65S-14 

Another te,.t dev ice^o employ s a falling stream of sand a* the abraatv e medium 


ABSORPTION AND PERMEAB1LIT\»' 

Ascertainment of the mot. ture re'istanee of coalings requires measurement of both 
absorption and diffo-ion character] tics Absorption lcve]» ma> be determined bj 
equilibrating the coating 'pccimen to two coodition» of humidity and mea uring the 
weight increase due to abvorption at the higher level Similar measurements may be 
taken before and after immer'ion in water for various time intervals Bv sinpending^s 
the specimen on a calibrated spring the rate of absorption upon exposure to a specific 
humidity or the amounts of water absorbed at increa mg vapor pressures maybe 
determmed 

MoL-ture diffo-ion is uauallj measured b} interposing the organic film between two 
atmospheres differing in water*\apor pre. ure and determining the amount of mois- 
ture passing through the material in a given time Numerous modifications^® 
in techmque have been studied in measuring diffusion constants, but a method 
commonlj emploved con isU m carefullj 'ealing the material either as a free film 
or as a coating applied to unpla'ticizcd cellophane, parchmentized paper ■•o or glass 
cloth^2 over the top of a cuplike cell The test ma> be conducted by placing a 
water-jbwOrbent «ub. tance such as phosphorus pento\ide in the cell prior to sealing 
exposing the epecitnen to a controlled humid atmosphere, and recording the gam 
m weight at periodic intervals The measurement may al o be made bj noting the 
loss m weight when the cell is partiall> filled with water and is expo, ed to a de iccated 
atmo..phere The diffusion constant is calculated from the following relationship based 
on Pick’s linear diffusion law 

** A E SctiubandE IV Kern, Ind 'Eng Cftem.Anat Ed 3 72 76^1931) 

** H. G Arlt Proe Am Soc Totxng MatertaU 40 967-97a (1940) 

«C C Hjpkins and It J Phair Am Sot Tetting VaUnaU BuU 143 18-22 {Dtcember 1945) 

Proleehte and DetoraiXTeCoattngi J J Mattieflo (Editor) VoLI\,pp 194 222 John WJey and Sons, 
\ewYork 1944 

’*P T Newsome Ind Eng Chem 20 827 (19^) 

** R. L Tajlor and Other* Ind Eng Chem 28 12o5-1263 (1936) 

National Paint V arruah and Lacquer Associalioii. Sc eatific Section, Cvre 546 pp I 81 (1938) 

«A S T V SUxJxdard) D-€97-42T Part III pp 1280-1283 (1942) 

Payne Jnd. Eng Chem Anal Ed. 11 doa^doS (1939) 
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A • r (P, - p,) 

where D — Diffusion constant, 

G = Amount of water gained or lost, 

X — Film thickness of coating, 

T — Time of exposure, 

A = Area of film exposed. 

Pi — Difference in partial pressures of water vapor. 

The diffusion constant is determined after a constant rate of gain or loss of moisture 
has been attained. 


POROSITY 

Films may be tested for porosity .and other discontinuities by such methods as 
application of copper sulfate solution to a coated steel panel and examination for 
localized copper precipitation. An electrogr.aphic method'*-'’ reputed to give a greater 
resolution of such imperfections has been reported. In use on iron or steel, a paper 
.saturated with pota&sium ferrocyanidc is placed over the coated panel, which is 
made the anode in a low-voltage circuit. Almost immediate evidence of porosity is 
indicated by the development of the characteristic blue coloration of the iron salt. 

It has been shown'** that film electrical resistivity is a discontinuous function of 
coaling weight and that a definite threshold thickness must be attained before 
continuous films are formed. Furthermore, the minimum coating weight is not a 
constant for the film-forming material but varies considerably depending on the 
metal surface to which the coating is applied. 

The quantitative determination'*'* of this characteristic of films is possible by a 
mc.asurement of the current instantly flowing when the coated panel is employed 
!is the anode in a single cell circuit. As actual current measurement is unsatisfactoo’' 
under the conditions of test, it is calculated from the potentials developed and the 
internal cell resistance. 


ELECTROCHEMICAL TESTS 

It has been shown'*-’’ that a knowledge of the corrosion behavior of painted iron and 
of the mechanism of the corrosion protection afforded by various paints may be 
obtained by a study of the time-potential curves obtained with a vacuum tube 
electrometer for the cell; 

Fe; paint film, tap water : sat’d KCl, HgCl; Hg 

Coated iron rods may bo immersed in the water, or flat coated panels may bo 
tested by employing a glass U-tube connection. In the latter method*** it has boon 
found desirable to omplo.v a nitrogen atmosphere around the electrode. Curves 
having a time axis of a few hours or more are usually sufficiently indicative of 
corrosion behavior. 

The time-potential curves so obtained that .=how iron indefinitely cathodic to the 
normal hydrogen electrode indicate, as with red lead, corrosion inhibition; where.as 
those that in time show iron anodic, as with iron oxide, indicate physical protection. 

** .-t. Glarunov and L. Jenicck, Korrosion u. Mctallschiitz, IG. M 1-3-14 (1940). 

’*G. H. YounK and G. 'SV. Gcrliardt. Jrid. Enff: Chem., 29, 1277-I2.S0 (1937). 

R. .\I. Burns and H. E. HarinK, Trant. Elcclrorhem. Soc., 69, 1G9-179 (1930). 

'** 11. E. Harinc and U. B. Gibney, Trans. Eleclrochem. Soc., 76, 2S7-302 (1939). 
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The method has been applied to a stud3r46 of a large number of pigmentations with 
e/idence of its usefulness in predetamming probable exposure behavior of paints 


Tests for Metal Coatings 

WiLLuu Blum* 

INTRODUCnOX 

In the laboratorj the protectn e % alue of metal coatings may be estimated directlj 
by some accelerated te*t or indirectlj bj measuring tho-e properties that are known 
or believed to be directly related to the protective 1 alue eg the thickness adhesion 
hardness and porooitj of the coatings 


THICKKESS 

In most cases the protection funibhed by a metallic coating depend* upon the 
minimum thickncNS of the coating Thi* is frequently specified Determination of the 
average thickness bj appropiate stripping method* i* still emplojed with metal* 
cuch as gold and «ilv er whose tntniLic cost i* significant and al o for «ome coatmgs 
who>.e local thickness i* not ea«i)> mea«ured 

Experience has shown that the protective value of zinc and cadmium coating* on 
steel 1 * nearl> proportional to their thickness Bith cathodic metal coating* such as 
copper nickel chromium and silver on steel the prolectiv e v alue increa-e* with the 
coating thickness (but not Itnearlj) principalb becau e the poroaity of the coatings 
decreases with an increase m thickoes* Uhen such coatings are thick enough to be 
nearly impervious further increase in thicknc'* ha* no direct eSect upon their 
protective value 

The local thickness of a metal coating ma> be determined b} the following 
methods 

1 Microscopic^ This is the mo't generallj applicable procedure and i* comraonh 
a.ed as the primary or umpire method It is accurate to about ±5% for coatings 
more than 002o mm <0 1 mil) thick It reqvures special technique with «oft metal 
coating «uch as tin and zme TTie "pecimens are destroy ed 

2 Chord Thi* method involves cuttmg through the coatmg on a curved surface 
with a flat file or on a flat surface with a precision grinding wheel and measuring 
the width of the exposed chord The thickne®* is (T’/SR where C is the chord width 
and R is the radius of the surface or wheel It* accuracj i* about —109?' for coatings 
down to OOo ram (05 mil) 

3 Immersion In the Preece test for zme coatings the article is immersed in neutral 
copper "ulfate solution for one minute intervals until adherent copper i* depo ited 
This test< measures the relative distribution rather than the actual thickoe** at a 
giv en point 

• National Bureau of Standards Washington DC 

V C E. Heussner MonMy Rn Am Elrelnplatert Soe 83 5 (1936) A S T Af Slandardt Fart I 
p 1830 (1944) 

*F C Alesle Vf*/afJnd (New York) 33 2S3 (1935) 

*W Blum and A Brenner J RetearckAail Bur Slmtdards 16 171 (1936) 

*£ C Groesbeck and H H WaJlkup J Betairei AaR Bur Standards 12 "So (1934) AST 
Standardf Parti p 561 (1944) 
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4. Spot Tests. The tliickne.'s of ver 3 ’’ thin chromium coatings'* is measured 
(to ±10%) bj* the time required for one drop of concentrated hj’drochloric acid 
rompletelj' to dissolve tlie coating at that point. 

5. Dropping Mcthod.^’’~fi In this method an appropriate reagent is allowed to drop 
on the surface at a controlled rate, and the time for penetration of the coating is 
noted. The accuracy i.s about ±10%. This method is used principallj* for zinc and 
cadmium coatings on steel, but i.s also applicable to tin and copper coatings on steel. 

0. Jet Method.^ This is similar to the dropping tost, except that the reagent is 
applied in a continuous fine stream. This method has been applied to nickel, copper, 
and silver coatings on steel and non-ferrous metals. 

7. Electrochemical . The period in which a coating of, e.g., chromium, dissolve-^ 
anodicall.v at a sj)ecified current densitj* is used as a measure of thicknc.=s to an 
accuracy of ±5%. 

8. Magnetic. All the above methods destroj* the coalings. The magnetic mcthod.s 
aio non-destructive. In one of the magnetic methods,ii the change in attraction of a 
permanent magnet is used as a measure of the thickness of a non-magnetic (or Je.=* 
magnetic) coating on steel. The attraction of the magnet i.s also used to measure the 
thickness of nickel (or other magnetic metals) on a non-magnetic base. The accuracj* 
is ±10%. 

In other types^^ electromagnet is u.sed to measure the lhicknc.-*s of the coatings. 

9. X-ray. Methods have been suggested^!* for measuiing the thickne.ss of metal 
coatings but liave not been widelj* adopted. Proposals for u.-c of electron diffraction 
have also received consideration. 

10. Density.^'* AVhen the base metal and the coating have quite different specific 
gravities, measurement of the average specific gravity indicates the proportion of 
each and hence the average (but not the local) thickness of the coating. 


ADHESION 

The protective value of anj* metal coating depends partlj’ upon its adhesion. If 
the adhesion is poor, the coating is casib’ detached b.v severe abrasion or distortion 
of the surface and maj* blister n.s a result of temperature changes or of local corrosion. 

There are no very satisfactoiy methods for quantitative measurement of the 
adhc.iion of coatings, especially on finished articles. For them, it is customaiy to 
bend, break, stretch, twist, hammer, or otherwise deform the article and the coating, 
and note whether any separation occurs, especially at a point of fracture. Separation 
may be facilitated bj' u.'ing a knife point or a chisel edge. At bc.-t, such methods are 
not quantitative and usually indicate merel.v “good” or “])oor” adhe.'^ion of the 
coating. 

Rccentlj’i!* the use of a rapidly vibrating hammer for testing the adhesion of 

^ 'V. Blnin fiiul \V. A. Olson, Proc, Am. ChclTopJatern* »Soc., 28, 25 (1940). A. S. T. M, Standards, Part I, 
p 18:n (1944). 

® S. G. Clarke, J. Elcctrodcpotitors' Tech, Soc., 8. No. 11, l-IO (1933). 

^ H. O. Hull and P, W. C. Stravisser, Jlfenfftlv Hex. -Im. Ehclrojylaicrs' Soc., 22, 9-14 (March, 1935), 

* A. Brenner, J. Research Katl. Bur. Standtird^, 23, 387 (1939). 

® S. G. Clarke, J , Elccirodepo'txi'yrs' Tech. Soc,, 12, 1, 157 (1930). 

S. Anderson and R. IV. Manuel, ^rtinT. Blectrochem, Soc., 78, 373 (1040). 

A. Brenner, J. Rc’^carch Kat\. Bur. Slarulards, 18, 505 (1937): 20, 357 (193S). 

^ W. H. Tail, J. BJectrodepositors' Tech. Soc., 14, lOS (193S). 

'^11. R. IsenbcrRcr, Proc. .4 m. Btectroptaters* Soc., 27, 77 (1039). 

** L. S. Rarkin, J. Electrofb^pofitnrs* Tech. Soc., 18, 4S (1942). 

^ W. llothcrsall and C. J. Boadbeatcr, J. BUttrodepositors' Tech. Soc , 19, 49 ( 1914 ) 
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metal coaUacs ha^ beea ^ceested The evidence there preaented and aUo eoa? 
unpubL-hed data indicate that thia method «erres» onlj to detect coating that have 
1 erv poor adhenon 

Methoda are novr under inve-tigation in which the reflection of \ raj~ o of 
'uper'Onic ray u u^ed to detect a poor bond at an interface ^uch methods laay 
pro\ e useful for specific itenu but are not bkelj to be generally applicable 
\no her method depentL upon the apphcatton of a fluorescent oil to a eurface a* 
which a boundarj l. eipoeed removing the excee^ of oil and examining with ultra 
nolet O’- ‘Tilack” h*»ht Thi. er\e^ to detect a crack or gap at the exposed edge hj 
gaics no certain eiidence of the adhe'ion at «ome di tance from the edge 
The two (juantita ive adhe'ion that ha\c been proposed iniohe the prepaia 
tion of pecial -pecimen. and are therefore not applicable to plated product. 

In Jacquet o method and a mod-Sed bi MeJe * the force necessary to pull the 
coatin'* from a e np u measured 

In Ollards method^® the force required to puU an annular nng of metal from 
the end of a cilinder i- determined RoehP-' ha* described the precautions neccs»jrj 
for reLable remit, bv thu method Recentlj a micro-OUard test ha* beea de^cnbed 
in which mailer epecimeas are U'Od. 

HAIU>\*ES» 

•Uthough the hardnca- of meta] coating, l chieSi of interc't when good n^irtasre 
to abra.100 i required the Inter properii mai influence the protecUie lalue 
especially of coating, cathodic to the ba*^ meta) ^cratches tbrcmgb the coating pennit 
eorro'ion of the base metal ActuaJh the wear re—tance oi a metal n dependent 
upon Other facto* in addition to bardnes. mcluding bnttlencs.. and toughnes. No 
geneml quantitative methods for measuring wear resistance are a\a lable 
One dificulrv la mearunn'* the hardness of relainelj thm metal coatin**- k that 
the apparent hardne*^. u affected bi that of the ba e metal To avoid or redu« thn 
error the depth o: the indentation hould be only a »Tnall fraction of the coatiaa 
thickn&js The most commonlv Used methocL are the micro-'V icier and the Knocp 
indento* "catch hardness meajurcments are ujuall^ less reproducible 


poRtym 

II a meta] coatin'* is cathodic to the ba:^e melai m the prevailing environment the 
coating corrode- less readilv than the ba*e metal and doe' not protect it at pore or 
d-continmties In mch ca-e* the prolecliie value depends pnmanly upon the 
poroait' of the coating "With plam carbon eteel as the ba-e metal practically all 
presen*!v appbed metal coatings except mne and cadmium act as noble metal— 
(Laboratory test- indicate that aluminum coatmgs on steel act a* noble metals m 
pure or nearly pure water but as “'acr.ficial metals m salt solution- ) 

Because nnc and cadmium are I&v. noble than s^eel they protect "pprec able 
exposed area- of steel hence the poronty of the coating. J- not very impo tanL 
Elxporure of the eel in port" max li'*htb accelerate corrosion of the adjacent zinc 
o- cadmium o that the presence of many pores especially m thin coating: may be 

1*P k Jaeqoct Treji*. 6$ 393 0934) 

irp ailsle Pros. An. Sla-’vpl^t &K *7 lo3 0933) 

“E. A. OOi-tI. T>tin*./’arai3V>a«- »t <109*6) 

i»E.J PoeU rrenAy U6 I *•«) »nd 30 tO«. 3 1««01 

**C. G Peters aad F Knoop, Sljialt and ABo^ 13 , *’9‘ 0940) 
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dotrimental. No satisfactorj’ method has been devised for detecting pores in zinc 
or cadmium coatings. 

The detection of pore.s in any cathodic metal coating, e.g., on steel, depends upon 
the application of a reagent that will attack and thereby reveal any exposed steel 
and that will at the same time not attack the coating to any appreciable extent. 

1. Ferroxyl Test. The best known of these methods is the Fcrroxyl Test, in which 
a corroding reagent, usually sodium chloride, is mixed wih sodium fcn-icyanide and 
is applied in an aqueous solution containing a gel such as agar.*, This mixture may 
be absorbed in paper that is moistened and applied to the coating. Blue spots appear 
wherever steel is exposed. 

Although this test is useful for routine inspection, the results are usuallj^ not 
sufficiently reproducible to warrant its inclusion in specifications. If the concentration 
of ferriej'anide is too high, coatings such as nickel may be attacked and pores m.ay 
form. 

2. Ilot-Walcr Test. Immersion in hot distilled water-i has been used to detect 
pores in tin or nickel coatings on steel. 

3. Salt-Spray Test (described on p. 970). For cathodic coatings on steel, the salt- 
spray test“ is essentially a measure of porosity. The time required for the first 
appreciable corrosion is usually less significant than the number of rust spots at the 
end of a specified period, e.g., 50 or 100 hours. Many spccificatious^s provide that 
in a given period not more than six visible rust spots per square fool .shall appear or 
any spots more than in. (l.G mm) in diameter. 

It has been found that prolonged exposure of, e.g., nickel coatings to the salt spray 
sometimes greatly incre.ases the number of pores, apparently by local attack of the 
coating. Although it is possible that the resultant corrosion corre.sponds to the 
behavior of the coating that might lake place in marine exposure, the results of very 
long exposures of coatings to salt spray .are of doubtful validity. 

For sacrificial metals like zinc and cadmium, the salt-.spray test is a rough measure 
of the thickness of coating. Zinc coatings are attacked to form white corrosion 
products (b.asic zinc carbonate) and, when the zinc is remo'\’ed from an appreciable 
area, the steel rusts. The rate of attack of cadmium in the salt spray is much slower 
than that of zinc. The protective value of zinc and cadmium depends mostly on the 
coating thickness, which can bo rapidly and accurately measured. The salt-spray test 
is, therefore, not generally specified for zinc or cadmium coatings, although it is 
often employed to test the chromate fiiiLshes on zinc. 

4. Humidity Test (described on p. 1006). Exposure to air with high humidity at 
high temperatures may also serve to detect pores in noble metal coatings. Intermittent 
cooling and condensation of moisture usually accelerate the attack, but at best this 
procedure is a veiy slow and not a very reproducible method of detecting pores. 

5. Intermittent Immersion. Periodic immersion of the specimens in a solution of 
sodium chloride or other reagent, with intermediate drying in the air, is sometimes 
recommended. To secure reproducible results it is necessary to control not only' the 
temperature of the solution and of the air but also the humidity and circulation of 
the air. The latter determines the rate of drying and m.ay thereby affect corrosion. 

G. Hydrogen Evolution.-* This highly specific test is used to estimate the relative 

* DiM )lvc 10 cr.ams of naar in one liter of hot water. Add one ttram of XaCI and one cram of K 3 Fc(CX)« 
To detect cathodic areas as well, add a few drops of phcnolphttialcin indicator. 

W. nothcrs.aU and R. A. F. Hammond. Trans. EUctrochrm. Hoc., 73, 4-19 (193S). 

“a. .S. T. M. stamlmlt. R117-HT, Part 1. p. IMS (194-1). 

A. .3. T. Starxiltjrd^t, Part I, p. 1S20 (1914). 

“• V. Vaurio. B, Clark, and R. I.ueck. Ind. Enn. Chem. (.\nal. Ed.), 10, SOS (1938). 
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porosities of tm coatings on steel as used m the canning industry The time required 
to ev olve 5 ml of gas from a specified area when treated with I N HCl at 57* C 
(ISS" F) IS taken as a measure of porosity 

7 Electrograpkic Test * In this test a flat surface of the coated article is made the 
anode for a few 'econda in a sandwich type of cell under pressure (500 psi) in which 
the cathode consists of aluminum, or other metal not yielding colored compounds A 
double laj er of filter paper moiatened with 5% NasCOs and 1% NaCl solution serves 
as the intervening electroljte 

Sufficient potential la applied to the cell to overcome couple action between the 
coating and exposed basis metal and the current is permitted to flow for a controlled 
period of 5 to 15 sec In general with most coatings of practical thickness the 
probability of creating pinholes dunng the test is not great since the quantity of 
current passed la relatively small 

The paper member of the cell sandwich is removed and immersed m a solution 
containing an anion that with the cations of the bas a metal precipitates an identifi 
able colored compound The procedure may be simplified by having the indicating 
agent in the paper of the cell before te»l 

For «oine coatmga on steel a suitable impregnant is potassium ferrocyamde For 
tin coated bras® a reagent paper containing precipitated antimonj 'ulfide may be 
used It lis immersed m dilute phosphoric acid before u^e In the first case the pinholes 
are revealed by the appearance of spots of Turnbulls blue and in the second case by 
the piecip tation of copper sulfide For lead coatings on steel an electrolyte of OOo^i 
«odium chloride 2.5% potassium ferrocyamde has proved ssti*factory 


GENERAL REFERENCES 

Among the American Electroplatera Soc ety research projects the folio v ng relate to this chapter 

1 Methods <4 Testing Adhesion on wh ch An* EUctropUHers Soe Research Reports 1 and 2 by A L Fergu 
son and Ahoc ates 1 ave been published 

2 Porosity of EleelTodeposits d reeled by N Tbon 

S \feihods for Testing Thi kness of EUetrodeposils directed by H J Bead 
4 Phjri al Properties of EUclrodeposiUd MetoXe direoled by Abner Brenner 


Tests for Corrosion by Lubricants 
C M IxiANEt 

BEARING CORROSION 

The weight losses of bearings m full scale engine block tests end of beanug test 
strips m laboratory beaker te»ts are u«ed as a measure of the bearing corrosion 
characteristics of lubricating oik The engine tests are well standardized and are the 
performance criteria (other measurements besides bearing corroaion are made in these 
tests) in U S Army Specification 2 104-B for heavy duty motor oils A number of 
laboratory tests have been used but so far, none is generally accepted as predicting 
performance in service 

• Desorbed by C L Sample The Intemat onat Nickel Co New York N Y See also Btirna aod Sohtih 
P otective Coatings for Metals p 2o2 Reinhold Publishiae Corp New York 1939 

\ R search Department Standard Oil Co Whiting Ind 



Table 1. ENGINE BEARING CORROSION TEST METHODS 
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Table 2 LABORATORY BEARING 


Test 

Name 

Container 

Samfde 
Size, ml 

Rate of 
Stimng 

Air 

Blowing, 
liter* per hour 

Oil 

Temp ,*C 

Staraiff Tests 

Caterpillar 

oOO-ml tall form 
beaker 

400 

60 rpm 


132 

Indiana Stirring* 

oOO-ml tall lorm 
beaker 

2aO 

1300 rpm 


U9 

MacCouU 

oOO-ml tall form 
beaker 

123 

3000 rpm 


177 

Shell Corrosion anc 
Stability 

I liter beaker 

225 

13 10 rpm 

30 

184 

Shell Thruat Cor 

KiO-eteel cup 

35 

2400 rpm 

3 

1 aned 100 
to 170 

Atr Bloatnf Tetls 

ContiDentul 

Large test tube 

ICO 


10 

J72 

Sohio 

500-ml test tube 

ICO 


70 

138 

Shell Existeat Cor 
rosmty 

20d- isl test tube 

20 


0 38 

ISS 

Ctrculating Chi Tests 

Underwood 

Large metal sump 

1500 

(Oil eprayed 
through air) 


163 


* Beanng segmeata usually Cu Pb 


Engine Tests^ 

The three engine test melhodo are presented m summarized form in Table 1 
Detailed teat procedures are described la the Cooperatiie Research Council Te't 
Procedures L-3, 4, and 5-545 

The Cheirolet Test is the most widely used test for evaluating corrosion character- 
istics of oils, and e-^tenau e cooperative test work has been carried out on the method ^ 

Laboratory "Beaker” Tests 

A number of the more prominent laboratory bearing corrosion tests are summarized 
in Table 2 The Underwood Test has been iced more extensively than any one of 

^ W B Baasett, Natl Petroleum Newt 36 R-450 (1944) 

*11 C Mougey and S A Moller. B A E Journal 50 417 (1942). 






‘a '2-7 r! ^i-riicincr 



'^®faSa,TE K Mii!iiicA.vre 

d'«<=oIorafio„ or 

“•*IWe, Section IV, Part 


*■ P-259. -May 1945. Method 530,31. 
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Test foU Tendenct of Oil to Dissolve Copper* 

Fifty ml of oil m a test tube are heated at 93* C (200'’ F) m contact with 56 cm 
(22 m ) of clean ^ o 22 copper wire One ml samples of oil are taken periodically and 
mixed with an equal \olume of dithizone reagent If <the green color of the reagent 
L, changed to purple the oil contains dissoUed copper The number of hours elapsed 
before a positive copper test is obtained la a measure of the resistance of the oil 
toward di'soh mg copper (The test shows only fair correlation with copper plating 
in refrigerator sj sterns^ 


RUbT PREVENTING CHARACTERISTICS OF STEAM TURBINE OILS* 

A poll hed cylindrical steel «'pecimen 127 by 140 mm (0^ by 55 m ) is suspended 
in 300 ml of oil held m a 400-ml tall form beaker Thirtj ml of distilled water are 
added The oil water mixture la held at 60*0 (140" F) while being stirred at 
1000 rpm After 48 hours the steel specimen is removed washed with naphtha and 
examined If the steel showa no ru*! spots (in dupheate tests), the oil is considered 
to have passed the test 


Soil Corrosion Tests 
I A Dem«on* 

For the «tudj of «oil corrosion phenomena m the laboratorj a corrosion cell has 
been described* with which the behavior of various soiU and metaU can be 
investigated under uniform conditions of moisture aeration etc The cell consists 
esaentiallj of two electrodes of the same metal separated bj a lajer of moist soil 
constituting the electroljte Differential aeration of the two electrodes i brought 
about bj making one of them more accessible to air than the other so that the cell 
develops an electromotive foice 

The essential parts of the corrosion cel! illustrated m Fig 1, are a Bakelite ring 
4' ram (1 7o in ) m internal diameter and 20 mm (079 m ) high a metal disk 3S mm 
(IjO in) m diameter which serves as the anode and another di'k of the same 
material which 'ervea as the cathode and ta perforated with 51 holes per sq cm 
(330 per q m ) the diameter of each being 0 84 mm (0 033 m ) The metal disks are 
cut from the "ame sheet material with a punch and die A narrow tab or projection 
la provided on the cathode to facilitate electrical connection The total area of the 
perforated cathode is almo t twice the area of one side of the anode 

The cell i* packed with soil «aturated with water by capillarity The excesa water 
la then removed by suction the pre.a.ure difference being 59 cm of mercurj This 
pressure applied for one hour reduce^ the moiature content of the soil to that 
normallj contained bj soils m nature when gravitational and capillarj forces have 
become established after saturation of the soil bj rainfall After adjustment of the 
moisture content the anode previously prepared by rubbing one face with IG 
French emery paper and cleaning with carbon, tetrachloride, la placed in position on 

• National Bureau of Standards Washingtoa D C 

‘ C E W Wins (Fnsidaire Corp ) pr vate comnun cation. 

®A S T if Sttndards <fn Petroleuta ProdjcU and LvbneaKti p 369 (19(5) Method D685*45T 

* K. H Logan S P Ewing and I A Denison Sgntponum cn Corrosion Telling Proetdu ei p 
American Society for Teatins Materials 1937 
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the surface of the soil, and a connection is made with the cathode by means of a No. 
24 copper wire soldered to the reverse side of the anode near the edge. A No. 7 rubber 



Fio. 1. Cross Section of the Denison Cell. 

stopper is placed on the anode, a perforated insulating disk is placed over the lower 
end of the cylinder, and the whole assembly is fastened together by rubber bands. 
The cells are placed in individual one-pint fric- 
tion-top cans containing water to provide a 
saturated atmosphere. The details of packing, 
adjustment of the moisture content, and assem- 
bly of the cell.s have been previously given.t 

Short-circuit currents of the cell are measured 
by moans of a “zero resistance” ammeter,- the 
circuit for which is given in Fig. 2. This kind 
of instrument is used because the introduction 
of even a low-rcsi.stanco milliammeter in a low- 
resLslancc circuit niaj- alter the total cun-ent by 
an appreciable amount. 

Me.isurements of the separate electrode po- 
tentials in the cell while current is flowing are 
made bj- the method of Hickling^ as adapted 
to the Denison cell by Darnielle.'* In this 
method the current is pcriodicallj’ interrupted 
for very short intervals of time and the poten- 
tials are measured during the period of inter- 

® Sensitive Research Instniinent Corp., Cnlatog 40, Xcw York, X. Y. 

’ .\. Hicklinc. "Studies in Electrode Polarization. Part 1 — The Accurate Measurement of the Potential 
nf a Polarized Electrode,” Tran.t. Faratln}/ Soc., 33, 1540 (1037). 

* R. B. Darniolle, '‘Measurement of Electrode Potentials and Polarization in Soil Corrosion Colls ’ 
J. lifu'areh Xntl. Bttr. tStnndnrds, 25, 421 (1940). 


"ZERO RESISTANCE* AMMETER 



tlie Terminals Ti and To Is Opposed by 
an Equal Voltage Drop across Resis- 
tance Such That the Net Drop 
across Ti and Tj Is Reduced to Zero. 
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Tuplion -which can be made \ ery short (of the order of 10~5 sgc) so that errors due 
to depolarization are small 


INTERPBETATION OP DATA 

Prom data obtained mth the corrosion cell \anoua relationships and cntical talues 
can be determined that indicate the relative corr&nene>s of different soiU the 
relative resistance to corro-ion of different metaL and the tjpe of control of the 
corrosion reaction 

If it were not for the high internal resistance of the cell, which limits the -^alue 
of the current on closed circuit, the rate of corrosion could be determined dimply b) 
measuring the cell current at a suitable stage of corrasion It is preferable, howeser 
to eliminate the effect of resi<stance bj making lue of current-potential cunes As 
the current den^itj is increa'?ed, the potentials of the aoode and cathode approach 
the same ^alue At the point where the two potentials are the same the cell 3 , 
completely polarized, the internal potential difference is zero, and the applied 
electromotive force pist balances the mtetnal IR drop The potential of the electrodes 
at thus point is known as the corrosion ■potential The associated current density u 
the limiting value for the particular combination of «oiJ and electrode® and corre 
spends to the current for the maximum rate of corrosion® 

The results of the v anous electrical measUTcments marie on the corrosion cell with 
steel electrodea are illustrated in Table 1 for a group of soils differing -widelj m 


Table 1 CORROSIVENESS OF SOILS AS INDICATED BY ELECTROLYTIC 
MEASUREMENTS AND LOSS OF ItEIGHT OF THE ANODES* 


Soil 

No 

So 1 Type ' 

Maumus) 
Open 
Circuit 1 
potential 
of Cell 
volt 1 

(Hr Scale) | 

CotroBtoa 
Potent al f 
voU 

(Hr Seale) 

Current 

St 

Conoaion ' 
Potential 

Maximum 

Short 

Circuit 

Current 

Loss of 
Be ght t 
mdd 

64 

Docas cliy 

0 31 

0 34 

2 T* 

2 IS 

404 

103 

Billings silt loam 

0 30 

0 3* 

3 86 j 

2 8.> 

337 

45 

1 Unidentified alkali soil 

0 38 

0 29 

2 50 

2 20 

337 

56 

Lake Charles clay 

0 37 

0 29 1 

2 9'’ 

1 64 

316 

113 

Imperial clay 

0 38 

0 31 

2 90 

1 1 -0 

1 310 

57 

1 Merced clay adobe 

0 30 

0 3o ' 

2 00 

1 1 "0 

1 2So 

23 

1 VIerced Blit loam 

0 34 

0 22 

1 68 

1 1 Oa 

1 193 

51 

' Acadia clay 

0 12 

0 31 

1 20 

0 SO 

194 

8 

1 Fargo clay loam 

0 12 

0 37 

0 73 

' 0 5a 

■ loS 

111 

' Fresno fine sandy loam 

0 16 

0 21 

1 20 

0 GO 

146 

o 

1 Bell clay 

0 14 

0 33 

0 go 

1 0 54 

1 138 

7 

1 Umdentified aoil 

0 14 

0 24 

0 50 

1 0 43 

1 103 

I 

AUia sdt loam 

0 14 

0 22 

0 GO 

0 23 

67 

41 

Summit silt loam 

0 07 

0 26 

0 40 

0 20 

59 

20 

Mahoning silt loam 

0 20 

1 0 30 

0 67 

0 S’ 

5-1 

2o 

Miami clay loam 

0 01 

0 32 

0 005 

0 003 

4 


• 1 A Denjson and R B DarnieUe Observatiitt* on tbe Bfthavior of Steel Conodjog under Cathodic 
Control in Soils Trans Eltclrochfm Soe 199 (1939) 

t Potential at intersection of current denait} potent al curres 
X Calculated from results in a 2 -week tun 

® I A Denison and R B DainieUe Obserratwvna on the Eehavtor of Steel Corroding under Csthod c 
Control in Sods Trans El^trochon Soe 76 199 (1939) 
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corrosiveness. The data are arranged in descending order of corrosivones.s as indicated 
by the loss in weight of the anodes during a 2-week test period. It can be seen that 
there is a definite correlation between the loss in weight and the current at the 
corrosion potential or the inaximum short-circuit current. The ratio of these two 
currents is fairly constant in soils of low resistivity and tends to increase in soils of 
high resistivity, as would be expected. 

Metals such as stainless steel, lead, copper, and copper alloj’s, which tend to form 
protective films in soils, develop only small potential differences, and, since the above- 
described cell has a high resistance, only a negligible current flows between electrodes 
of those metals. Under these conditions the corrosion is due almost entirely to local 
action currents, and obviously the short-circuit current would not bo sufficient to 
account for the observed corrosion. In order to measure the rate of corrosion under 
.such conditions, use is made of the fact that where the rate of corrosion is determined 
by the cathode reaction, the local action current and the current required to protect 
the metal cathodically are identical. 

The “protective” current is determined by causing 
increasing currents to flow from the perforated disk 
to the solid disk and measuring the potential of the 
solid disk corresponding to each value of current. 

By plotting the logarithm of the current with the 
potential, curves are obtained, consisting usually of 
a horizontal or nearly horizontal part and a section 
liaving a negative slope (Fig. 3). The protective 
current is taken ns the value of current at the inter- 
section of the two curves,’*' For materials corroding 
under anodic control the protective current can be 
considered onlj’’ an approximation to the true cor- 
rosion rate because under such conditions the cur- 
rent required to protect against corrosion is always 
greater than the local action current. 

Comparisons have been made between the results 
of laboratory tests with a variety of metals and 
those of long-time field tests.'’ The rates of corro- 
sion measured elcctrolj’tically were in agreement 
with the field tests to the extent that the laboratory measurements indicated whether 
or not the materials were seriously corroded in the different soil environments. 

To investigate the mechanism of corrosion in soils as is done in other environments 
it is often desirable to determine the type of control of the corrosion reaction, that 
is, at which electrode the rate of corrosion is chiefly controlled.t From inspection 
of current-potential curves for various metals corroding under a variety of soil 
conditions, general conclusions have been drawn about the type of control for 

different metals in various soil environments. The results of this study are given 

in Table 2. 

The corrosion of zinc and steel is under cathodic control in all of the soil conditions 
studied because in the presence of chloride, sulfate, carbonate, and bicarbonate ions 

in an ennronment deficient in oxygen, the primary corrosion products of zinc and 

• The lhcor>' ib discussed in Fundamentals of Cathodic Protection, p. 923. 

t For discussion of types of corrosion control, refer to p. 480. 

® I. A. Denison, “Eloctrolytic Behavior of Ferrous and Non*rcrroufl Metals in Soil-Corrosion Circuits," 
Trans. Flecirochem. Soc., 81, 435 (1042). 



Fig. 3. Current-Potential Curves 
for Solid Disks of Various Metals 
Vv^hen Made Cathodic in Docas 
Clay. 
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steel are soluble and consequentlj’ diffuse away from the anode surface readily. 
Under these conditions a fairly large potential can be maintained at the anode even 
at relatively high current densities. However, in vciy porous soils that are either 
strongly alkaline or deficient in soluble salts the type of control of steel and zinc 
shifts from cathodic to anodic. The fact that the corrosion of zinc is generally under 
cathodic control has naturally an important bearing on its use as a protective coating 
for steel and as an anode in cathodic protection installations. 


Field and Service Tests 

ATMOSPHERIC EXPOSURE TESTS 
C. P. Larr.\bee* 

Many costly investigations have been made in an attempt to develop an accelerated 
laboratory test that enables one to find the comparative atmospheric corrosion 
resistance of materials. Some are described by Rawdon,i but none is entirelj' reliable. 
The comparative protecti^'e qualities of the rusts that form on plain and low-alloy 
steels in outdoor exposure determine to a large extent their subsequent corrosion rates. 
As the oxide films produced under accelerated conditions m.aj' not be so protective, 
the results of such tests are usually misleading. Therefore, in order to obtain results 
comparable with service, steels must be e.xposed where a rust typical of that produced 
under service conditions will be formed. There is no adequate substitute for the 
service test. 

The desirability of obtaining information on the resistance of ferrous materials 
to corrosion by various atmospheres has led to the adoption of substantiallj’ similar 
methods for comparing steels and arriving at certain definite conclusions as to their 
relative merits. Hereafter, steels will be used as e.xamples, although other materials 
such as lead, copper, or zinc can be exposed in like manner. 

The following factors must be considered in arriving at the optimum conditions 
for testing. 

Types of Atmospheres 

Considerable evidence is available- to prove that the ratio of corrosion rates for 
plain and copper steels is about the same whether the test is made in an industrial 
atmosphere (Pittsburgh, Pa.), at a semi-rural location (Fort Sheridan, 111.), or 
where there is less industrial pollution (Annapolis, Md.), if the two kind.s of steels 
are exposed at a given location at the same time. This similarity extends to the low- 
alloy steel classes. Therefore, a te.=:t made in a very severe industrial atmosphere 
will give the relative merits of materials at locations much Ic.ss corrosive in character 
but will not necessarily place them in the same numerical ratio.=. In marine atmo.s- 
phercs the effect of certain constituents of steel on the corrosion rate may be greater 
than in industrial or semi-rural atmospheres, but frequently is of lower magnitude 
(p. 120). Therefore, for the most reliable indication, tests should be made in the type 
of atmosphere in which the product is most likely to be used. 

• Rcaearcli I.aboratorj’. Carnegie-IUinois Steel Corp., Pittsburgh, Pa, 

' H. S. Rawdon, "Atmo.spheric Corrosion Testing," Sympotium on Corrorion Testing Proeedures, pp. 
aG-.Sfi, American Society for Testing Materials, Philadelphia, Pa., lO.Sy. 

* ‘'Reports of Committee A-o, Subcommittee HI,” Proc. .-Im, Soc. Tcrting Materials, 16-« 
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Natube of Test Data Desired 

The kind of information required determines the relatne importance of (1) dis- 
coloration, (2) pitting, (3) lo-s of weight, (4) visible perforation, (5) loss of strength 
and (6) changes in other physical properties For (I), only Msual inspection may be 
necessary For (2) and (3), remoial of the corrosion products as described m 
PTeparation and Cleaning of Speatnens, p 1077, is essential The lets of strength can 
be determined b 3 preparing tensile test specimens from the corroded sample without 
further treatment, or by exposure of the tensile test specimens themsehes On 
certain materials fatigue tests are emplo>ed as a measure of performance In the 
tests of A S T M Committee A 5 Subcommittees III* and VIII,* \ isible perforation 
Is the measure of performance However, with the more resistant materials, the 
number of j’ears before results are a\ailable may be considerable, and, furthermore 
there is alwajs a question of the rust clogging actual perforations in the metal itself 
for an indeterminate length of tune 

NtmBER OF Differevt Materials to Be Tested 
The lariety of materials aKo depends upon the purpoce of the im e^tigation 
Available materials for many applications are numerous, but preiious practice and 
economical considerations narrow the field so (hat tho«e most likely to give satis' 
factorj' «er\ice with reasonable overall cost can be «elected 
The number of duplicate specimens to be used depends upon whether any are to 
be removed at stated intervals For visual inspection, two samples are U'ually 
sufficient For loss of weight, the desired accuracj and tjpe of information are the 
controlling factors Some investigators consider that four samples of each material 
should be removed at one time Others prefer a single specimen of each material 
but use two or more individual source® for each tiTpe of product For plain and 
low-alloy steels, five removal period®, each longer than the preceding one, ate 
considered necessary for conclusive results Specimens removed and cleaned should 
not be re-expO'ed, a® the surface is different from that of the original test piece 

Size A^^J Pbeparatiov of Specimens 
The tjpe of tent to be emplojed determines the nature of the ■specimens If vi'uiai 
inspection is to be the criterion, as is usually the case with electroplated and hot- 
dipped coatings, the ■=pecimeno should receive the same treatment as is accorded 
similar fimshes before being put into actual service 

For coated specimens in loss of weight and pitting tests, 4- bj' 6-in (approximately 
10- by 15-cm) specimens «eem to be a good compromise This size ha® been adopted 
by Subcommittee II of A S T M Committee B-S^ for its 1944 exposure test of 
steel® plated with non-ferrous metals With smaller samples there is danger of error 
due to non-uniformity and intensified edge effect With larger sample®, the necessary 
rack space makes a te®t of many material® prohibits e and increa«es the difficulties 
of weighing and handling 

The nature of the rolling scale on. steel® \anes greatb and maj' or maj not be 
protectiv e In order that the effect of the composition of the steel on corrosion will 
not be masked by other variables, and to give more comparable initial results, it is 
advTsable to use cleaned surfaces They can be cleaned chemically (pickling) or 
mechamcallj (sand or shot blaating, or machining) Pickling is recommended as 
more nearly approximatmg the treatment of surfaces u^ed m actual sen ice 
*' Reporta of Committee B-8 Subctwnmittee II Pree An Sac Tetitnff ifatcnalt 44. 

• Now SubcomBiittee XIV, 
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A suitable means of identification of specimens should be used Steel stencils arc 
satisfactorj' for materials such as stainless steels, but for tho'C that corrode more 
Ee\erolv, one of t«o methods is employed, i c , drilling holes accoiding to a numbered 
template or notching the edges at certain distances from the coineis 
When tensile tests are to be made, the specimens should be laige enough so that 
several test pieces can be cut after exposure, unless the tensile specimens themselves 
are exposed. 

Method of Exposure 

Probabl}^ the most frcqucntlj’' used rack for the cxpasurc of 4- by 6-in specimens 
is that shovn in Fig 1, which is the same as described by Rawdon * It consists of a 
frame made of 14-gagc metal strips foimed for iigidity into channels and angles. 
Porcelain insulatois mounted with machine sciew’s and nuts suppoit the specimens. 
Serenty specimens are accommodated in an aiea roughly 68 by 36 in (173 by 91 cm). 



Fig. 1. View of Rack Holding Seventy Specimens Measuring 4 by 0 Inches. 



Fig. 2 View of Racks Illustrating Method of Their Support on Pipe Fnimcs. 

Alost coirosion in\ estigators in tliLs' country follow the procoduic of A S T M. 
Committee A-5, md expo-e specimens at an angle of 30° to the hoiizontal and facing 
south .V conienient method of suppoitmg the i lek is by a frame made of gah anized 
pipe, .lb shown m Fig 2 Bv raning the length of the upnghts any desiied angle of 
expO'Ure cm be seemed Detailed plans for the construction of both rack and pipe 
frame* aic gi\en in Fig 3 

*11 S Randon, "Xtmcwphcnc Corrosion Tcslinc,” Sym/ionum on Corrosion Teshng Procedures, pp 
3G-oO, \mcncan fcocietv for Testing; Materials, Philadelphia, Pa., 1937. 




(Part t) l?ick for Atmo^pliono INposuio Tests (Cm 


ALL CHANNELS AND ANGLES PUNCHED i -OiA. HOLES 



All 4^-puncmeo in this flAnge only 
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Non ferrous materials are eTpo«ed a ertically bj A S T M Committee B-3 
although the te't of Committee B-8 referred to earlier is at 30“ Manj tests of 
painted specimens are exposed at a 45* slope 

LE^GTH or Expostjee 

This factor ^ arms depending upon the type of test Serm annual \nsual iii«peclions 
are made op exposure tests of Subcommittees III* and VIII* of A S T M Committee 
A-5 Lo'^s of weight determinations of plain and low allo> steels in severe industnal 
or marine atmospheres should follow a sequence of exposures such as 1 2 4 8 and 16 
^ ears On account of the parabolic form of the time-corrosion curves for certain of 
the'C allojs (««e Figs 2 and 3 pp 125-124) some belie\e that specimens should be 
remo%ed after 05 15 3 5 75 and 155 jears m order to locate the break m the 
cur\e more accuratel} In highly polluted atmospheres exposures of 05 year ivil] 
indicate major differences m relatixe corronon ratios after 35 5 ears conclusions from 
tlie data are con«idered tentative the longer periods are nece««ary for CDjiclusM,e 
results In Ie«o polluted atmospheres the loe«es of weights are less and the periods 
of exposure could well be 2 4 8 and 16 5 ears The nature of the matenaU being 
tested and tl e «e\ entj of the atmosphere are the most important factors to be 
considered in am\ mg at a decision on the optimum length of exposures 

Tj\fatment op Exposed Specimens if Loss op Weight Is Desired 

Tl i» subject IS cohered m Preparation and Clean ng of Spenmem p 1077 


SOIL EXPOSURE TESTS 
I A DemsonI 

The test must include*a sufficient number of specimens to jield a reliable aierafe 
the standard deviation and standard error of which can be calculated The greater 
the dn er^ity of soil conditionc the greater should be the number of «T)ecimens Tl e 
Bureau of Standards data show that if the conditions at the te'st «ite are uniform 
twehe specimens will jield an aierage banng a standard deMation not greater than 
10% A minimum of four specimens should be provided 

For preparation of "pecimens for expcaire and remo^ al of corrosion products after 
exposure the usual accepted tecbmques '=hould be emploj ed (See Preparation and 
Cleaning of Specimens p 1077 ) 

Smee corrosion data obtained from one soil may not apply to another te«ts rau-t 
be made m each class of «oil for which data s»e de'ured Care should be exercised in 
the «eIection of the te«t ate which '‘hotdd be typical of the type of soil m which 
the test IS made 

Since mo't soils conast of eexeral honsons that may differ widely m their physical 
and chemical characteristics specimens chould be buned at the depth that wiU ex 
po'e them to the «oiI horizon to be encountered by tl e structure for which corrosion 
data are desired 

All points along the bottom of the trench «5bould liaxe the same elexation and the 
same depth of 'oil abme them 

* Now Subcomin ttfe XIX 

t Nat onal Bureau o{ ‘^tandatda Wasbogton P C 
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Details of Specimens 

Specimens should be so spaced that they will not affect each other either through 
the migration of coirosion products or through a change m the clcctiical conductivitj 
of the paths traversed by the corrosion currents The minimum spacing Mill theiefoie 
depend to some extent upon the size and conductivity of the specimens and possibly 
upon the conductivity of the soil. The rule adopted in the Buieau of Standards test 
IS that the distance belivecn the specimens should be at least twice the diameter of 
tlic specimens. 

Although c3’]mdrical specimens maj’ corrode more unifoimly ivhen placed on end, 
it is probable that the conosion on specimens placed honzontallj’’ more nearly repre- 
sents the corrosion mIucIi would occur in scivice. For this reason it is preferable to 
place the specimens horizontally. 

Sheet specimens should be placed on edge in oidcr that both sides icceive the 
same aeration. 

If specimens of pipe are tested the ends should be closed to prevent conosion on 
the inside of the pipe. 

Specimens of different areas should be provided or a sufficient number of one size 
should be exposed to permit the treating of two or more specimens as one. The 
purpose of this lequiiement is to allow the pit dcpth-aiea relation to be determined 
for the specific conditions of the test It can be .shonn that a small change in a 
constant of the pit depth-area equation (to be desciibed) lesults in a large change in 
the estimated pit depth if the associated area is much gieatci than that of the 
specimen. 

Specimens should be designed so that a pait of the oiigmal suiface will be piescivcd 
It is from this uncorroded surface that the depths of pits aie ineasuied. 

Dotation or Exposure 

Specimens should be lemoved after several periods of exposuie in order that the 
1 elation between conosion and time maj' be detci mined. This piocedurc ivill render 
it unnece.ssaij' to teat specimens to destiuction, which is often impiacticable as well 
as of unceitain value. 

Eecor~ing or Data 

The depths of a limited number of pits in addition to the deepest should be 
recorded in older that the distribution of pit depths can be studied. 

The data should be reduced to the amount of coiio-ion (loss of neiglit and depth 
of the deepest pit) for a unit area and a unit penod of expoaiiie, si.v foi one square 
foot foi one j'ear. These data must be accompanied bj’ ceitain constants (to be 
described) to peimit adjustment of the ob=cr\cd pit depths foi area and time. 

Tests for loss of strength aie desirable foi such mateiiaF as ca‘-t iron and j’cllow 
brass, in which the coirosion pioducts are retained to some extent uitliin the pits. 

Inteupret.vtion of Data 

The corrosiveness of a soil toivard a given material is most completely defined in 
terms of tliice constants A full discussion of thc^c lelation-, and the methods u=cd in 
calculating the coru=tants have been published.^ 

It is useful to know tlie value for the deepest pit to be encountered in a given area 

*K n I.OKan, S P. EwinK, and I A Denison, ".‘loil Corro'ion Tc^tinR," Nvmpo'iiim on Cono-ton Tttl- 
tnQ Procedures, Amcncan Socieiy for Teatinp: Maicnals, 1937, 
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of steel, knowing the deepest pits that occur within a smaller specimen area. Over 
a limited range of area, the relation between pit depth and area is expressed b}' the 
equation 

P = 64“ 

where P — the depth of the deepest pit in the area A, 

a = constant depending on the conditioas of exposure, 
b — coastant equal to the average depth of the deepest pits in unit area. 

This relation is illustrated in Fig. 1. 

When the logarithms of the maximum pit depth arc plotted with the logarilhm.s of 
the corresponding areas associated with the recorded depths, a curve that is very 
nearly a straight line is obtained. Its slope gives the value of a and its intercept with 
the ordinate at log .4 = 0 gives the logarithm of b. 


-0.2 0 0.2 0.4 0.6 0.8 1.0 



Fio. 3. Values of n for Soils in the National Bineau of Standards Soil Corro.sion Tost Sites. 

The relation between pit depths and time for a variety of .soils is illustrated in 
Fig. 2. This relation can be e.xpressed mathematicallj' by the equation: 

P = kT« 

where P = depth of the deepest pit at time T. 

' G. N. Scott, ".-tdiustment of Soil-Corrosion Pit-Depth Measurements for Sire of Sample,” Proe. Am. 
Pttrolrum In.’l., 14, Section IV, 204 (1033). 
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In plotting the logarithm of p with the logarithm of T n equals the slope of the 
line and log k la equal to the intercept on the Jog P axis 
The values of n arranged in older of decreasing magnitude for a group of so U are 
shown m Fig 3 It is eudent that the aeration of the soil is the chief factor deter 
mining tic \alue of n the poorlj drained and poorly aerated “oils being at the 
top of the li t and the light textured well aerated soils at the bottom 
The constants having been evaluated the experimental data may be adjusted for 
any desired area and time by means of the equation 

P =trM« 

where k is now the average value of the depth of the deepe..t pit in unit area at unit 
time 


CHEMICAL PLANT EQUIPMENT TESTS 
OBJ Fh^sPR* 

REASONS FOR PLANT TESTS 

Corro'ion tasting m operating equipment is the most convincing and frequently 
the most reliable procedure for «olving specific plant corrosion problems The 
difficulty and often the impracticability of reproducing actual service conditions in 
the laboratory often dictates the plant test for evaluating metals and alloys 
In a laboratory program one variable at a time can be studied and evaluated but 
such study is rarely feasible m operating equipment The effects of changes in 
concentrations substances present and solution characteristics such as viscosity 
that may occur m evaporation distillation digestion polymerization «uUonation 
and other unit processes are integrated automatically jn a plant te^t The inffuence 
on corro«ion rates of natural substances not certainly identified and difficult or 
impossible to maintain at constant concentration in the small and not continuously 
renewed volumes of fluid used m laboratory testing js assured m a plant test 
The volume of solution m an operating unit makes it po-^ible to test a largo 
number of 'specimens at the same time Other advantages of the plant test are that 
very little technical supervision is required and it is not essential that the mve tigator 
know the prcci«e composition of the solutions This last is a convenient factor for the 
operator who either does not have complete information on solution compositions 
or, for some reason does not wish to disclose such information 

OBJECTIVES OF PLANT TESTS 

The objective of a plant test is not always the same It may be that some portion 
of the equipment is corroding more rapidly than ceems desirable A properly con 
ducted test will include test pieces of the matenaL already being used in the 
equipment so that a direct coiupan on may be made with operating experience In 
the occasional in tance where rapid corrosion of large areas of metal is occurring 
the pos iblj disturbing influence of relatively large concentrations of di^olved 
metals upon normal corrosion rates of other materials being tested must be considered 
A second problem arises when process conditions are being changed or when an 
entirely different process is introduced into existing equipment and it is de«ired 
• Development and Research D vis on The Internat onal N c3«l Co Inc New York N Y 
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•without interruption of production to evaluate the new hazard to wliich the 
equipment is e.vposed. A test under the new conditions will provide information not 
only on how rapidly the equipment is being dissolved, by reference to weight losses 
of lest pieces of the material constituting the equipment, but also about the most 
suitable materials for replacements. 

In a third problem it may be necessary to select materials for equipment of a 
newly developed chemical process not yet brought be\'ond the laboratory scale of 
operation. When, as is often true, a pilot plant stage built of materials selected on 
the basis of first cost, previous experience, or laboratory test rc.sults is available, it 
■will usually be possible to conduct the plant type test simultaneously with the 
working-out of process operating procedure. The results will either confirm the 
choice of materials for tlic pilot plant equipment or indicate what other materials 
should be used for the large-scale plant. 

TEST PROCEDURE 

The simplest form of plant test, but one not usuallj- recommended, consists of 
simply hanging a piece of metal in the liquid or vapor contents of operating equip- 
ment. The chances that unreliable results rvil! be obtained arc great. Contact with 
support wires of different composition from the test piece or with metallic parts of 
the equipment may result in cither galvanic protection or accelerated corrosion, 
depending on whether the test-piece material is more noble or less so than the 
other material. There is also danger of mechanical damage or loss of a loosely 
suspended specimen. 

The mechanical essentials of a satisfactory plant test procedure are ; 

1. Well-prepared and weighed test pieees of suitable size. 

2. A means of supporting the lest pieces rigidly and with no direct contact, o.xcept 
when galvanic effects are being studied, with other test pieces or with the metal 
parts of the equipment in which the test is being run, 

Spooit-Type Specimen Holder 

A procedure that has given reliable results over many years makes use of a 
specimen holder in which a number of test pieces are supported on insulating materials 


Tabue 1. BILL OF MATERIAL FOR A TYPICAL SPECIMEN HOLDER 


Number 

Kcqoircd 

Name of 
Parts 

Material 

Size 

5 

Rods 

MoncU 

9i6 in. diani. by 12 in. long; ends tlircadcd IJi in.; 
*962 threads 

20 

Hex nuts 

Monel} jnacbinc screw 
nuts, No. *9^2 


•> 

Brackets ^ 

Monel} 

11 U. S, Standard gage, 95 in. by 395 in., having 3 
holes* J52 in. diam. 

1 

Insulator 

Molded Bakelitc tubing 

Mo in, O.D. by ’’’6^ in. I.D. by 1095 in. long 

2 1 

End disks i 

Molded Bakelite sheet 

4 in, diam, by M in, thick with 5 holes} 

1.') 

Spacers 

Molded Bakelitc tubing 

Mo in. O.D. by in. I.D. by in. long 

1 

Short spacer 

Molded Bakelite tubing 

Mo in. O.D. by in. I.D. by ^io in. long 


‘Center of end hole locnted H in. from end on Iona n.xis: other liole centers arc, respectively, i.’i in 
and 2)i in. from center of first liolo. 

t Hole -Rj in. dinm. drilled at disk center; centers of other holes, in. diam., located at four points 
00° apart and nt a radial distance of IR in. from the center of the disk. 

5 Or tj-pe 310 stainless steel. 
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so that gahamc contacts are ob\iated* Standardized details of such a test are 
available - Preparation, cleaning and weighing of specimens before and. after testing 
-hould be carried out in accordance with recommendations outlined in Preparation 
and Cleaning oj Specimens, p 1077 

The ‘spool t>pe specimen holder with its component parts is illustrated in Fig 1 
Specimen^ are machined to an exact diameter of 5672 cm (2233 in ), with a 0533 cm 



Fic 1 Spool Tiije Specimen Holder 


{■’/G 4 1° ) diameter hole in the center, and are of a standard thickness of 0 079 cm 
(%2 m ) A specimen when mounted cn the holder has an expo ed area of 05 sq dm 
(7 75 -q in ) For thicker specimen* the area maj be taken from Table 2 

Ca^t ^pccimena may be 0 176 inj in ) thick and 5292 cm (2 OSS m ) m diameter 
so that the exposed area, when installed on the specimen holder, will again be 
exactl> 05 -q dm (775 sq m ) 

Specimens can be weighed readilj on an anal> Ucal balance Becau e of their 
uniform size the time ini ol> ed m changing weights is minimized For certain purposes 
“pecial specimen* may be prepaied, as, for example, by Yielding or soldering pieces 
of metal together 

iH-E Searle and F L. LaQue Corrosion Te«tiiig Xlethoda Proc An Soc Tfslinff ifafertals SS 
(ID 240-'‘>GO (193*> 

* ' Recomraendsd Practice for Conducting nant Corrosion Teats A 5 T If SUtndord) Part lA pp 
491-495 (1916) 
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Table 2. AREAS OF 5.G72 CM (2 233 IN.) DIAMETER 
SPECIMENS ACCORDING TO THICKNESS 


XJ, S. Standard 
Gage 

Thickness 

Area Exposed 

cm 

)IL 

sq dm 

1 eq in 

3 

0 0350 

0 2500 

0 599 

0 280 

7 

0 4763 

0 1875 

0 571 

8 847 

11 

0 3175 

0 1250 

0 5-13 

8 409 

12 

0 2770 

0 1094 

0 515 

S 200 

14 

0 19S4 

0 0781 

0 521 

8 080 

10 

0 loSh 

0 0G2-i 

0 514 

7 970 

IS 

0 1270 

0 0500 

0 500 

7 883 

20 

0 0953 

0 0375 

0 503 

7 795 

21 

0 0S74 

0 0344 

0 502 

7 773 

22 

0 0795 

0 03H 

0 500 ^ 

7 752 

23 

0 0714 

0 0281 

0 499 

7 729 

24 

0 0035 

0 0250 

0 497 ^ 

7 707 

2-. 

0 OoviCi 

0 0219 

0 49tt i 

7 (iSti 

2.. 

0 047S 

0 018s 

0 494 

7 01,4 


Usually at least two specimens of each metal oi alloy are u^ed for checking 
purposes. 

The four rods of the as.scmbly .scive two pui poses- they affoid piotection to the 
'■pecimens against mechanical abuse, and they make the assembly very strong One 
rod passes thiough holes in the supporting biackols to hold them fiimly 

Spacing of specimens is legulated by the length of the spacei ; usually it is 1.588 
cm (% in.). Shoit spacers may be used to piovide for any variations in thickness of 
specimens. 

When galvanic effects aic inicstigated, an insulating spacci may be leplaced by a 
spacer of the normal, or a slioilei length made fiom one of the matciials of the 
galv'anie couple. Ordinarily, the metal spacei is e.vposed to the coirosive attack and 
is consideied pait of the metal specimen compnsing one half the couple; but, if 
desirable, the evposed suiface of the metal spacer may be coaled with an insulating 
lacquci or wav. Siinilaily, coirosion of the specimens foiming the couple may be 
confined to adjacent faces by lacquering the backs When a galvanic aiiangement of 
this kind is used, it is common to use a compie^sion spring, made of a corrosion- 
resisting material, between a spacei and the end disc; the spiing takes up any slack 
that might result fiom thinning of .specimens bj' corrosion. 

The choice of maleiials from which to m.ike the holder is impoilant. Those need 
not bo dm able enough to last indefinitely, but they must last long enough to insure 
satisfactory completion of the test Metallic paits may be made of nickel, of a 
709f;Ni-30%Cu allo}', or of stainless steel or other coirosion-resistant metah, 
depending upon the corrosive eniironment. Insulating matcii.ils used aic phenolic 
resins, poicolim, neoprene, and gla.=s. The phenolic rc.sins answei most puipose.'; 
their principal limitations are unsuitability for u<e at tcmperatuies over 150° C 
(300° F) and lack of adequate lesistance to conccntiatcd alkalies and certain oiganic 
compounds, such as coal tar products. 

The method of support dining the test period is important. The pieferred position 
Is with the long avis of the holder hoiizontal; it avoids dripping of corrosion products 
from one specimen to another. The holdci inu-t be located -o a- to comply with 
conditions of evposuie to be .studied. It mav bo .‘■ubmeiged, e\po=ed only to the 
\apors, or located at liquid lo\cl tiomctinU' .ill thiee locitioii- m ly be utilized 
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Liquid level espc^ire is acconipb«hed {no«t readily bj building a «uitable float 
usually of wood around the holder so that it will float on the surface ^ anou^ meaib 
have been utilized for supporting the holden> m bquida or ju i apors The simples 
1 to suspend the holder bi ineazi» of a heavy wire or bght metal cham 



rn metal I } FORMALDEHYDE PH TUBE 


Fiq s^peeuaea Holder for Measunng Corronon Inade Pipe Lises or Tubes. 


Specul Ca..E5> 

Occa tonally the standard spool ti-pe holder i not applicable A suitable bolder 
for mea..unng corrosion rate tmide pipe lines or tube& for example is illu trated in 
Fig The specimens are «tnp 12" cm m ) wide "6'' cm (3 m) long bent 


f ^THOO FOR FASTENING 
SPECMftN TO TEST RACK 


method for FASTEN NG 
SPECIMEN TO STRUCTURAL 
MEMBER OR SHAFT 



PHtNOL- 

□ FORMALDEHYDE 
RESIN TUBE 
ANDWASHER 



rn SUPPORT 

INSULATING 

SHEET 


Fig 3 Methods for A.ttachii^‘'pecmien-tQT«stRacLs and to Parts of Moving Equipment 


at each end and pronded with 0533 cm ('*^6* ™-) diameter hole® m the bent porboa. 
They maj be a^-embled and spaced on a rod of the same diameter as used in the 
standard holder End duLs are replaced (wLted wire gpidera to locate «pecjmem 
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in the center of the tube. This device does not interfere seriously with the flow of 
liquid through tubes 4 cm (1.5 in.) inside diameter or larger. 

Another way to studj" corrosion in pipe lines is to install in the line short sections 
of pipe of the materials to be tested. These should bo insulated from each other and 
from the rest of the piping .system by means of non-metallic couplings. Insulating 



(Stainless Steel) 



POSITION OF SAMPLE IN RELATION TO END OF TUBE 

c 


Fia. 4. Test Specimen for Determination of Corrosion Resistance in Petroleum Refinery 
Equipment, and Suggested Methods of Support. 

ga.skets should be placed between the ends of the pipe specimens where they meet 
inside the couplings. Such joints may be sealed with various types of “dope” or 
cement. It is desirable to paint the outside of the .'specimens so as to confine corrosion 
to the inner surfaces. 

It is occasionally desirable to e.\pa=e .specimens in operating equipment wdthout the 
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preMoikly described holders The specimens can be attached directly to some part 
of the operating equipment and the necessary insulation against galvanic eSect^ can 
be provided as shown m Fig 3 

Oil Refinery Equipment 

The Committee on Corrosion of Refinery Equipment of the American Petroleum 
Institute (API) drew up a code in 1930 to cover corrosion testing of metals and 
allojs in petroleum refinerj equipment The recommended procedure designed for 
exposure of test pieces in petroleum hydrocarbon liquids and vapors at relatively 
high temperatures is adequate for that purpose but since no provision t) made for 
insulating the specimens electrically it is not suited for use m electrically conducting 
liquids 

The API code calls for test pieces 15 239 ± 0 102 cm (6 ± 0 04 in ) long 
2 54=t0 02o cm (1±00I in) wide and 0953 ±0025 cm (0375 ±0 01 in) thick 
with a hole 0 676 cm (0 266 in ) diameter located on the center line 1 27 cm (0 5 in ) 
from one end for attachment to a supporting device The «pecitnen and suggested 
methods for support are shown in Fig 4 

Exajiination of Specimens 

Although loss m weight js the principal measure of corrosion this calculation 
«hould be always supplemented by an examination of each specimen before it is 
cleaned for tarnishing and the nature of an> thicker corrosion products If pitting has 
occurred the maMmum and a\ erage pit depth- should be determined by means of a 
calibrated microscope or nith larger pits a needle pointed depth gage Dstmction 
should be made betiieen pits on parts of the surfaces that uere exposed freely and 
those on parts under the spacers or materials making contact with the metal A 
corroded specimen may be subjected aUo to bending tests and microscopic examina 
tion to determine whether intergranular deterioration or other le*a uaual forms of 
corrosion such as dezmcification haie occurred 

The standard disk specimens are not well adapted to the quantitative measurement 
of changes jn mechanical properties due to corrosion When such changes are to be 
studied test pieces of sufficient size to permit cutting into standard sheet metal 
tensile test specimens should be used or precut tensile test specimens may be 
employed provided that preferential coiro'ion at edges is not prominent 


WATER PIPE SERVICE TESTS 
V V Kendall* 

The pipe selected should be run of null product Aside from cleaning and 
degreasing it =hould receive no prelimujary treatment If it is desired to determine 
the eSect of special surface treatment such as removal of mill scale by pickling 
sandblasting or other means such pipe should be included as a separate material 

The test line should be installed m a by pass to permit inspection and removal 
without interfering with the normal operation of the system If possible the test 
line 'hould be straight to eliminate variable turbulence effects due to change in 
direction of flow All the specimens should be in the same line as adjacent lines will 
have different rates of corrosion 

• National Tube Co P tUburgb Pa. 
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Pipe specimens generally used are 2 to 3 ft in length and 1 to 2 in. in diameter. 
Not less than three specimens of each material should be installed, .and the 3 ' should 
be taken from different lengths of pipe. Thej' should be placed in alternate positions, 
e.g., material A, B, C, A, B, C, etc. 

Galvanic or dissimilar metal effects must be considered. If the materials arc 
significantly different, such as brass, copper, and steel, thej' should be separated b.v 
insulating couplings. If the galvanic behavior of any materia! is unknown, insulating 
couplings should be used. Experience with manj' service tests has not indicated a 
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Fig. 1. The Effoet of Time on Rate of Pitting of Iron Pipe in Hot Water Linos at Various 

Locations. 

significant galvanic effect in combinations of the following rolled materials; open 
hearth steel, Be^emer steel, wrought iron and copper steel. 

It is desirable to install a water meter and a recording thermometer in the test 
line. If this is not practicable, then some alternate means should be used to determine 
periodicalh’, the m.aximum, minimum, and average temperature of the water over 
a 24-hour period. An analj’sis of the water should bo made monthlj’ a.s there is con- 
siderable variation in the composition of a water supplj* at different sea.^ons of the 
year. This analj’sis should be complete but, in anj' case, it must include the pH, 
total dissolved solids, alkalinit.v, and the calcium content to permit the calculation 
of the .saturation or the stability index. (See p. 502.) 

At the end of the test, the pipe specimens should be removed, split longitudinallj-, 
and cleaned. Cleaning can be done bj- hot ammonium citrate, wire bra-hing, or sand- 
or shotbl.asting. (Refer to PreparatUm and Cleaning oj Specimens, p. 1077.) 
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The life of pipe m hot water lines is dependent on the depth of pitting therefore 
this measure is the significant one On a 2 or 3 ft specimen the ten deepest pits are 
measured and the maximum minimum and average reported In measuring the 
depth of pitting 2 in on each side of the coupling are ignored to allow for any possible 
dissimilar metal effect (Note The writer has previously recommended ignoring 
6 in on each side of the coupling but a careful check of a large number of service 
tests does not indicate anj necejssity for this length ) In one tj-pe of steam return line 
corrosion there la a general thinning of the pipe with very little pitting In this case 
the wall thicknesa of the specimen should be measured and the percentage decrease in 
wall thickness calculated based on the original nominal wall thickness 

The test can run as long as desired Figure 1 presents^ the data from fortj two 
service tests in hot water lines m seventeen cities It indicates that the initial attack 
on the metal as mea^iured by the results within the firat >ear is a function of the 
corrosivity of the water After the initial period of rust formation the rate of 
corrosion is slowed down The attack on the metal is then dominated b> the character 
of the ruat its poroaitj its ability to permit diffu ion of oicjgen etc By the end 
of about four years the rate of corrosion has become approximately constant 


SEA WATER CORROSION TESTS 
F L LaQue* 

PRECAUTIONS 

The essential requirement of any method of testing specimens in sea water is to 
insure that the method of test doeo not influence the normal behavior of the test 
pieces to aQ> significant extent W here corrosion is the principal consideration of the 
test means of supporting «pecimeDs «hou(d be such as to avod all the following 
disturbing factors 

1 Galv anic action between different specimens or between the specimens and the 
rack 

2 Local shielding of any appreciable area of a test piece so aa to provide an 
opportunitj for concentration cell corrosion within or alongside the shielded 
zone with coincident electrochemical protection of adjacent areas 

3 Non imiform flow of water past the surfacea of different specimens 

4 Corrosion accelerating or inhibiting effect of corrosion products from the rack 
material or from chemicala that may be leached from treated wood or other 
non metallic racks 

5 Abrasion of loose specimens due to rubbing against their supports 

6 Mechanical damage by floating objects 

7 LooS of specimens due to rack failure 

Materials to be compared directlj should be expo'=ed at the same time and for the 
«ame length of time Specimens exposed first m April may not corrode the same as 
specimens expo ed fir^^t in November There is greater effect of fouling organisms 
on the corro ion of specimens exposed m the spring and summer months when 
fouling organisms become attached very quickly 

In studying the effect of depth of immeruon on corrosion it is not sufficient 

• De% elopment and Research D VIS on The iBternat onal N ckd Co Inc New York N Y 

V Kendal] A Review of Data on the Rdat onah p of Corroa vity of Water to Its Chemical Analy 

SIS Proe Am Soc Titling Valertols 40 Pt II 1317 1322 (1940} 
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simply to expose a series of individual specimens immersed at different depths. It 
would be desirable to provide some electrical contact between such specimens so 
as to take into account any electrochemical action associated with differences in 
the concentration of dissolved oxygen or other constituents of sea water that may 
vary with depth. 

When the anti-fouling properties of coatings are to be observed, the following 
additional factors should bo considered: 

1. AH panels to be compared should be exposed with equal access to light; fouling 
in the shade is often different from fouling with more exposure to light. In this 
hemisphere there is a marked difference in the fouling of surfaces facing north as 
compared with identical surfaces facing south. 

2. All panels to be compared should be exposed at the same depth. There is a 
variation in fouling organisms with depth so that tho.'^e exposed at one depth 
maj’’ escape fouling organisms that would come into contact with specimens 
exposed either nearer the surface or deeper. 

3. All panels should be subjected to the same water currents that carry embrjmnic 
organisms and food for growing organisms. 

4. Metal raclcs should be made of highly corrosion-resisting material, since metals 
like zinc and iron can inactivate copper and mercury in anti-fouling paints 
either by direct electrochemical effect or by interactions of their corrosion 
products with the paint constituents. 

5. The racks used to expose anti-fouling coating test panels should not be coated 
with anti-fouling paints, since a variable factor maj^ be introduced by such paint. 

6. As a general rule, specimens should be submerged in a vertical position so as 
to avoid disturbances from silt or other matter that might accumulate on 
horizontal surfaces. 

In studying the corrosion of sled piling, probably the best practice is to drive test 
niles and observe the progress of corrosion by periodic micrometer measurements 
of the remaining thickness of unattacked metal at different points above and below 
the water. 


RACK CONSTRUCTION 

Although the use of wood for racks provides a convenient means of insulating 
.specimens from each other, wooden racks have the serious disadvantage of being 
subject to rapid attack bj' teredos and other marine borers at man 3 ' locations. This 
damage can be avoided by using wood thoroughly impregenated with creo.'ote after 
all cutting and drilling have been completed. However, creosote tends to bleed from 
the wood with pos.siblc effects on corrosion of specimens that maj' become con- 
taminated with it. In addition, creosote-treated wood is rather me.ssj’ to handle in 
warm weather. 

One w.ay to avoid contamination of fqrecimens bj' croo=otc-treated wood is to u.=c 
Bakelite, hlicarta, or other plastic inserts in crca=otod wood racks as indicated b>’ 
Fig. 1, ba.'cd on a design developed bj' G. C. Quelch, Jr., of the North Florida Test 
Service, Daj’tona Beach, Florida. 

A dc.sign of troated-wood rack used by the Battclle Memorial Institute that is well 
suited to the testing of painted panels Ls shown in Fig. 2. An important feature of thi.s 
construction i.s that each specimen is held in place by a wooden stop or plate cap at 
the bottom so that a single panel can be removed without disturbing the others. 

A rack used bj' the Woods Hole Oceanographic Institution for exposing wood 
panels is ohown in Fig. 3. 
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A no^el method of supporting paneL for testmg 
anti fouling coatmga was de\ eloped bj R Eckart of 
the Sapolin Company it is shown in Fig 4 The 
advantages of thi» method of racking include 

1 Complete loaulation with no danger of elec 
trolj tic effects 

2 A freelj awingmg panel that eliminates in 'here 
and offshore vanations on front and back sur 
faces 

3 The bottom flap — when u^ed — permits oher 
nations of phototropic and geotropic influences 
on foulmg organism 

4 The device maj be exposed quicklj at anj dock 
Fig 1 Method of Preventing 2°=^* or other location without elaborate prep- 
Contact of Test Panels with aralion or provision of supporting structure 
Creo ote-Treated Wood Racks 5 The parts are durable and ma> be med over 

a^in 


The difficulties with wooden racks are avoided hy using metal racks which for 
reasons mentioned prcvioinlv should be mf!icientl> resistant to corronon to avoid 
any effects of soluble corrosion products on the behavior of test panels The author 
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Rg. 3. Pand Ruck for 3 /S-in. Plywood Panels. (Woods Hole Oceanographic Institution.) 



SECTION VIEW OF PANEU ATTACHMENT 

micarta washer outside DIA. 






SHOWtMG METHOD OF 
FITTiNa ENOS OF ANGLSS 
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has found 70% Ni-30% Cu alIo 3 '* to be verj' satisfactor.v for racJcs consfnirfcd as 
shown in Fig. 5. Adequate insulation is provided by Bakolite sleeves and washer.s 
u.=ed with the alloj’ bolt and nut assemblies b>' which .specimens arc fastened to the 
racks as shown bj' the detail of the fastening a'^sembly in Fig. 3, p 1056 (left). For 
c-vample, magnesium and zinc specimens haie been so exposed without anj’ evidence 
of galvanic action. 

Although the method of insulation of specimens from metal racks ilhustrated bj' 
Fig. 5 is generally satisfactoiy, some difficulties maj' be encountcied with steel 
panels coated with anti-fouling paints fiom which copper is leached, and with copper 



Fig. G. Lowering Metal Rack (Details in Fig. 5) Containing Test Panels into Sea Water. 


and high-copper allo 3 ’s 3 -ielding substantial amounts of copper in corrosion products. 
Under such circumstances, conditions within and around the fastening assembl 3 ' may 
permit the building up of a relative^' high copper ion concentration in the water 
inside the fastening n&sembhx This, in turn, ma 3 - be followed b 3 ' deposition of copper 
on the metal under the Bakclitc washers and the growth of this deposited copper 
in the form of a “tree” between the insulating tube and washers. The, deposited metal 
ma 3 ' serve to bridge the gap betw'een the specimen and the rack or the fastening, 


Monet 
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and thus proMde metallic contact betwetti a specimen and the rack and any other 
specimens that come into imilar accidental gahanic contact with the rack* 

For this reason it is unwise to u-e bare metal racks as in Figs 5 and 6 to support 
steel panels coated with anti fouling paints containing copper or cuprous oxide 
Either non metallic racks or metallic racks coiered with an insulating coatin-’ are 
preferred The latter racks al o would be more reliable lor the expcLure of copper 
and high copper alloj a For tl e same reason the copper base metaU or other metals 
coated -with anti fouling paints containing copper would not be well «uited to the 
fabrication of racks for the expoi-ure of metallic specimens such as illustrated in 
Figs 5 and 6 

Alloja demonstrating pa^®i\it> in sea water maj suffer localized corrosion beneath 
the Bakelite washers ued for jn^-ulation Unleis it is desired to determine su cepti 
bilitj to 'uch action it can be reduced and frequently eliminated by coating ihe 
under surfaces of the Bakelite wa hers with petrolatum at the time the specimen;, 
are being fastened to the racL, 

fVhen metallic racks are supported b> metallic hangers from a metal structure they 
should be m-ulated from the structure so as to prexent gahanic effects between racks 
of different corapo itioos or between «pccimena that may come into accidental 
gahanic contact with different racks A tack of this type and the structure lor 
supporting a number of rack, m a «ea water channel are shown in Fjg 6 



Fig 7A Marine Corrosion Subcommittee Large Exposure Raft at Caernarvon (Courtesy 
of J C Hudson ) 


Figures “A and 7B illustrate the method u^ed b> inx estigators for the Matme 
Corrosion Subcommittee of the Bntish Iron and Sled Institute Figure 7A shows a 
raft from which the test specimens are supported on the steel frames shown m 
Fig 7B The iLual specimen ^ize is 15 by 10 by 02o m {38 X 2o X 061 cm) The 
frames are rai ed and lowered by means of a mot able houtmg gear 
Tie specimens are secured to the frames by steel bolts washers and nuts and are 
insulated by means of laminated plastic sleeves bmhes and washers in much the 

• It IS remotely poss ble that diss milar tnetal eomplez cells may be established. These do not 
involve metallic contact hence are not dependent on the presence of copper and arise only because of 
differences to electrolyte compos t on over port ons of the *pec men surface because of marine organisms 
or because of »ta<rnaBt pockets of liquid the iss^ted support or for other reasons. See Fundamental 
Behatior of Oal^nic Couples p 493 ZnirOW. 
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same way as illustrated in Fig. 5. It has been found desirable to use fainveathers 
(false bows appearing in Fig. 7^) rigidly secured to each end of the rafts so as to 
prevent accumulation of floating weeds in the raft. 

Another of rack that pi o\ ides positive insulation between specimens was 

designed by C. P. Larrabee of the Carnegic-IIlinois Steel Corpoiation. The details of 



Fig. 7B, Marine Corrosion Suheommitteo Doulilc Exposure Frame in Use at Caeinarvou 
Lifted Ready for Inspection. (Courtesy of J. C. Hudson.) 


such a rack to hold 12 bj' 12 in. (30 by 30 cm) specimens are shown in Figs. S and 9. 
It will be seen that each specimen rests in giooves in large porcelain insulatois 
strung on two rods at the bottom of the rack and between similar iiisulatoi.s strung 
on two nioie lods at each side of the .specimens. A keeper lod acio.=s the top of the 
rack prevents loss of specimens in ca.=c the rack should bo tipped over accidentallj'. 
The raclcs and fastenings maj' be made of 70% Ni-30% Cu alloj- or other suitable 
corrosion-resisting allo.v, such as Tvpe 31G stainless steel. The minimum spacing 
between specimens in such a rack should be 3 in. (7 5 cm) so that the growth of 
marine organi.'ms will not entirely clog the space between .specimens. 

IVhnfover kind of rack is u=ed, it should be supported so that the flat surfaces of 
all specimen': are parallel to the usual water currents. 




crve«tu. LENCTH TO Et CWMA ED FfOH EENSTH MO NtmeEK Of 
»UV>T1»S AlL0«W EtK* HUTS MO . .ASMERS AS SHOW* 


Fiq 8ui Assembly Sea-Water Rack for Specimrns X 12 X 12 inches (Carnegie-Illinois 
Steel Corporation } 


HALF TIDE EXPOSURES 

In studjTBg corro ion at half tide Jet el aUotrance must be made for the protective 
effect of oiLj and greases from polluted harbor waters that maj coat the alternatelj 
wet and dry surfaces and thus indicate much less corrosion in this critical region than 
would be encountered bj the same metals ei^osed to clean salt water where no 
protectn e 01I3 films are present It fc> difficult to expose '‘pecimens partially immersed 
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Fia. 8B, End Plato Sea- Water Rack for Specimens 1/8X12X12 inches or I /4 X 12 X 12 
inches. (Carnegic-Ilhnois Steel Corporation.) 



Fio. 9. Rack for Exposure of Panels to Sea Water. (Camcgie-Illinois Steel Corp.) For 

details see Pig. S.-l and SB. 
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with a coristant water line on account oi the action o! tides This condition may he 
approached by fastening specimens to a raft but the gradual increase in the weight 
of the raft and the specimens due to the accumulation of marine organums will cau.e 
the raft to «inh giaduallj and change the location of the original water line The 
illiam F Clapp Laboratories at Duxbury Massachusetts use a float for supportin'^ 
racks and test specimens as iJlustrafed m Fig 10 



Fio 10 Raft for Partially ImtDcr«ed Panels in Sea Water (William F Oapp Laboratories ) 

■^here there la little or no tidal action waterline effects may be*ob.er\ed on 
specimens mounted on racks similar to Ihooe of Fig* 5 and 6 The racks should be 
made larger to accommodate specimens loag enough «o that part trill aJirajs be ja 
the water and part alwa\!> out 


SPECIMENS 

Precautions in the preparation of ‘'pecimemj for sea water corrosion tests are the 
same as for anj other kind of corrosion test (See Preparation and Cleaning of 
Specimens p 1077) 

Specimens maj be identified b> notching the edges drilling boles to a template 
or "implj bj stamping a number or sjmbol The location of the means of identifies 
tion should be specific «o as to affoid information at any time after the tc't as to 
top and bottom of the specimen during expooure and its relatn e position in the rack 

Because of the possibilit> of losing identification marks through corrosion a record 
should be kept of the relatire positions of Tjecimena when they are placed on neks 
=0 that thej can later be identified bj. position if nec&^-ary Identification tags if n ^d 
should be attached as •=0011 as the «pecimens are taken from the racks and should be 
kept on the specimens until the presence of Other means of identification has been 
established 

Manne growths should be scraped from specimens as soon as pos-ible unless they 
are to be preserved in "itu a» part of the record of the test Further cleaning 0 
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specimens should then be imdertaken using appropriate methods as described in 
Preparation and Cleaning oj Specimens, p. 1078. If panels arc used for paint te.sts, there 
are some additional desirable features: 

1. Steel panels .should have rounded edges and corners. In many instances, it is 
desirable to provide thicker or supplemental coatings on edges and comers. 

2. A .single panel should not be used to te.st more than one formulation of protective 
coating or anti-fouling composition. 

3. The absence of holes is do.sirable so that raclcs that do not reqiure holes in the 
panels are preferred. 

4. Wood panels should be sanded and the edges rounded prior to painting. 
Mahogany, cedar, oak, and white pine are .«atisfnctorj'. Supplemental edge pro- 
tection is desirable in testing coatings on wood that has been treated with some 
preservative to prevent interference by leaching of the preservative at such points. 


FIELD TESTING OF PAINTS* 

Harley A. NELSOxt 

Aside from providing information on product quality, an important reason for 
interest in field testing today is the need for data with which to calibrate laboratory 
tc.'ts. Field tests may be conducted on test surfaces ranging from panels to largo 
structures, which may be exposed to outdoor weathering or placed in direct contact 
with corrosive agents under a varietj' of service conditions. Few large-scale field test.® 
with paint sj'stems on structures have been fullj' recorded. The most ambitious and 
interesting of them is the Havre de Grace Bridge test conducted by the American 
Society for Testing Materials^ from 1906 to 1913. This record deserves study by any 
one planning e.xtensive field tests on structures. 

One advantage of field testing on properly selected stmclures is the assurance that 
.service conditions are reproduced. A serious disadvantage is the lack of control of 
atmo.splieric conditions during the three important steps in a paint job — surface 
preparation, application, and drying. Panel te.sting, on the other hand, offers oppor- 
tunities for almost any desired degree of control during these steps but often present.s 
difficulties in obtaining faithful reproduction of service conditions. Consequently, 
panel testing is still looked upon as an exploratorj' procedure, and, if the two do not 
agree because of the many variables involved, first consideration is given to the 
results on structures. However, the trend created b 3 ' improved laboratorj’ technique 
is to stress the advantages of panel testing. In recognition of this trend, the nccessarilj' 
limited discussion that follows will emphasize panel testing on steel. This, is a good 
compromise because steel is a difficult lest b.ase, and technical control is required to 
obtain significant and reproducible results with it in field tests of an.v kind. 

Size of Test Areas 

Reduced edge effects and better averaging of the effects of surface condition or 
composition of the metal are arguments in favor of large panels. Panels 24 bj’ 36 in. 
(61 b\’ 92 cm) arc recommended and used bj' the American Societj' for Testing 

• For dt5cu5?ion of laboratory testinc of orcanic continc^n sec p. 1023. 

t Technical Department, The Xcw Jersey Zinc Company (of Pennsylvania), Pnlmerton, Pa. 

^ “Reports on Inspection of Ha^*rc do Grace Bridge,*' Proc. Am, Soc. Te.*t{no Matfrin}/!, 16, Part I, 189 
(1015) and previous volumes back to 6. 
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Materials i ^ 3 4 Regardless of this manj field exposure tests are made on relativelj 
small panels rangmg from about 4 b> 12 m (10 X 30 cm) to 12 by 18 m (30 X 46 cm) 
Thickness ^ usuallj proportionate to "nze m order to a\ oid esceson e weavnng or flut 
tering that la He to in (0 16 to 032 cm) for the smaller and to H in (032 to 
064 cm) for the larger gizeo recommended by the American Society for Telling 
Materials The smallest sire mentioned i» about the minimum that can be u ed with 
any degree of accuracy and such small panels are generally u«ed only for preliminary 
or pilot test* Sections of repre entatii e structural shape* are aLo extemnely used for 
example 18 to 24 in (46 to 61 cm) lengths of I beam* or angle sections The dimen 
sion* of these should he sufBcienl (4 in [ 10 cm] or more) to a\ oid a too high proper 
tion of edges to surface area 

DupuemoN OF Testo 

A common practice which i* subject to criticism is the acceptance of te 1* on one 
panel or one specimen or one localized area on a structure Theoretically the u e 
of large panels and the control of other \anab1c» reduce the need for multiple te^L 
If all the e ^ ariables can be controlled to a known degree and the metal i* thoroughly 
cleaned one panel might Considering the number of lariable* that e\i.t 

however it i* logical that standard practice should require more than one tc t area 
for each «y tern As the amount of mill «cale or degree of corraion pre ent at the time 
of painting increase there i* increasing need for multiple te t* At lea^t three or 
preferably more should be u cd The \ariable* that enter into the planning of 
exposure te-sts ha\e been more thoroughly di cu*ed-^<^ in connection with paint te..ta 
on wood but with some exception* the «ame ^ amble* arc important m tests on 
metal surface* 


PREPARATION OF TEST AREA FOR POINTING 


The preparation of a test area j* often dictated by the accepted practice for the 
serMce condition* but where compari ons of different coatings are imohed the trend 
I* to fa\o" «ome procedure that will m «o far a- po^ ible in*ure uniformity of surface 
For example m the ca.e of «teel it is still argued that the pre ence of mill 'cale b a 
prevailing coodition in ser^nee and that te t «urfacea should either be left a* is or 
ha%e the «ca!e rcmoied to «orne Tiecified extent by preweathering If the latter 
practice is followed the effect of the more xanable surface produced by patches of 
scale mu-t be recognized by ibing a greater number of panels or te-t section* The 
correni view i* that if shop coating cannot be done at the null when the ^cale i* in 
good condition it •should be remoxed entirely by picklmg or sandblasting in order 
to obtam reproducibility of paint Tbi* is true to an increasing degree a* 


* Report of Subcomm tiee on Standiard Xletbods of Conducting "^mcB Tests Prof tm Soc Tul n} 

MalerxaJi S S3 (190ol 

» Reports on Atlant c City Steel Hate Paint Teste Frse Am Sx Tntxrig Naimah 15 Parti 
214 (191a) and previous volumo bacb to 8 

* Report of Subcommittee -XAI-X, on Preparation and Paint ng of Structural Iron and Steel Proe Am. 

Soe Testing ifatenals (Committee Reports) 41 322 (1941) MOtitl 

*G tv Ashman Panel Test Etaluat on of Exterior House Paints Irui Eng Chem 28 934 (19K) 
*E XV XIc Mullen and E J Ritchie Oiganization of a Sjstematic Teat Fence Program Ind tng 

rhem 35 161 (1943) o h FA 

^n.A Gardner Physical and Chemical Examtnaium cf Prnnti romw^eS Lacq<iTs and Co ors t 
:haptera9 12 p 1 m Ii^tufe of Paint and Varnish Research Washington D C 1939 
*J C Hudson Tkee^swloflronandStea OiapterS p 95 Chapman and Hall ^ndon I 

* Statemeatonl^inc pleso/TeatingPaintsaiidCombmaUQnsof PaintsonSteelPanela Proc m 

'esttnj ifatertoU 35 Part I 32? (1935) , . /im7i 

*»EA Jordan The Preparation of Metal Surfaces for Painting Chem-Ind 56 dbUiaJO 
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the sevorit}' of the exposure increases. For cleaning in the field, sandblasting is 
the prevailing method, but extensive tests have been made with flame clean- 
ing. The importance of painting as soon as possible after sandblasting is geneially 
accepted. 

Phosphate- and chvomatc-type pictreatmeuts have been advocated for producing 
more uniform testing surfaces on steel, but their use for this specific purpose is vciy 
limited. However, surface pretrealments applied at the source are normal for com- 
mercial non-ferrous alloj’s of aluminum and magnesium, and these gencrallj' require 
only a solvent cleaning prior to paint application. Zinc-coated (galvanized) surfaces 
may or may not be pretreated by etching or phosphate coating, but in any case 
these usually require only standard solvent cleaning before painting, or as recom- 
mended for steel surfaces. 

No standardized cleaning procedures have been adopted for field tests but, in 
addition to the references just mentioned, a number of methods designed for labora- 
torj’^ tests are found in Army, Ka\-jq and Federal Specifications. Most of them trj' 
to minimize the surface preparation and cleaning problem by using cold-rolled steel. 
In a recently adopted tentative method for preparing panels for accelerated labora- 
torj' tests, the American Society for Testing Matcrials^i specifies cold-rolled steel 
of a grade known to be relatively uniform and reproducible so that no sanding or 
cleaning other than with a suitable solvent is necessary. The advantages of surface 
uniformity and reproducibility could justify the use of these specially prepared 
grades of metal for comparing paint systems in field tests if it is laiown that their 
corrosion characteristics are tj'pical of the steels used commercially. 

Variables in Application 

Variables encountered in application of organic protective coatingsts cannot be 
fully discussed, but those of major importance in corrosion-resistance tests will be 
briefly covered. 

Aging of freshly prepared paint is important because the normal reactions 
between pigment and vehicle should attain a balance and because the activity of the 
drier may change. One week at room temperature, 25° C (77° F), should be the 
minimum, and two weeks or one month would be better. 

Temperature of the paint and of the surface influences the consisfonc 3 ^ of the 
paint and results in variations of film thickne-ss. If temperatures cannot be controlled, 
thej' should at least be recorded. Tests should include the range that is likely to bo 
encountered in service. 

Film thickness and number of coats are important factors in protection against 
corrasion, but the film thicknes-s that should be wed in comparing paints is still 
debated. Some insist that paints should be applied at the spreading rates normally 
obtained b.v an experienced operator with the individual test products. It is difficult 
to refute this argument in field tests on structures, although it is probable that in 
most cases either the paints or the application procedure could be adjusted to 
approximate equal film thicknes-^es with the tost sj-stems. Unless the products are 
of very diflerent types, compari-on of iiaint sj'stoms at equal dr.v-film thicknesses is 
accepted as a desirable goal. There is less cxcu.«e for ignoring this where smaller 
articles arc coated in the laboratoiy because, in addition to weighing the amount of 

"Tentative Melhoii for Preparation of Steel Panels for TestinR Orsanic Protective Coatincs," 
.1. S. T. M. StamhnU, D flOO-fO T. P.art II, p IfiOl (IfMO). 

G. W. Ashman, "Panel Test Evaluation of Exterior House Paints," Irul. Bng. CKcm., 28, 934 (1936). 
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paint applied, a number of practical achemes have been developed for apptoxicialHis 
equal and more uniform film thicknesses particularly on panels n ALo iibtru 
menU^s are commercially available for checking both wet and dry film 

thicknesses of paint systems on any metal surface Dry-film thickness data or their 
equivalent •should appear in all test records 
Method of application on panels (bni-^h spray, or dip) should normally follow the 
practice that prevails m =ervice but with attention to control of film thickness There 
13 a tendency to ignore bruahing and standardize on spray or dipping 21 which 
are mo'^t easily controlled and eliminate non-uniformity due to bru h marks Some 
maintain that brushing results in better adhesion However, there is no consistent 
evidence that any method is generally superior Paint syotema may difier so widely 
in application properties that it is often wi e to include more than one method 
Number of Coats in Test Systems Except when tested as «hop coats, one-coat 
systems of priming paints should not be compared because many priming paints are 
not designed for such use \\hen intended for a specific service the syotem should 
include the finish coats normally recommended, or, if the purpose is to compare a 
group of priming paints one or two coats of a finish coat of recognized quality -should 
be included Ev en paints that can be uaed effectively as both primers and fini h coaU 
should be tested as raulticoat systems unless the recommendations state otherwise 
Drying schedules and maturing of film* before exposure depend upon the products 
that are being tested but, where practicable, an attempt should be made to obtain 
some degree of control of the drying conditions The ideal scheme 1 * indoor painting 
and conditioning under uniform room temperature and humidity conditions (2a’ C 
[77* F] at 50% relative humidity) a practice which is still not univer ally approved 
or followed although it eliminates important variables Unless a specific schedule must 
be met aging of the film before exposure 'should be adju ted to the time required by 
the slowest drying product to attain proper maturity One week after application 
of the final coat is commonly allowed for ^sterns applied indoors Large-scale outdoor 
tests should be applied during a season of av erage drying weather except when the 
objective is to test the effect of adverse drying conditions In immemon and chemical 
re i*tance tests, it is particularly important that the paints should be given equal 
opportunity to reach a proper stage of maturity before the test is started 
Effects of conditions near the test area are receiv ing attention becau e of recent 
evidence-- that localized corrosion can influence the life of the coating on other parts 
of a test area This justifies questioning a number of common practices in mabng 
paint leA*' sudn as 'leav mg fne ’oadas o'l pane'is unpaia'iefi nr n^jynig uii vut m ‘iwv 


“ H G Arlt Paint Films of Controlled Thickness Sled 98 42 (June 15 1936) Melal Ftntthng 
(N y ) 38 123 (1940) 

H F Payne An Instnimcni for Un form F Ims Ind Eng Chem (Anal Ed ) 18 4S 

(1943) Offict IDigest No 23S p 400 Federationof Paintand V arniah Production Clubs September 1944 
E W McMullen and E J Ritchie Organization of a Systematic Test Fence Program Ind 


CA-m 3S 161 (1943) 

** A. Brenner Film Thickness Measurement* J Retearch hall Bur iSlandarda 20 3o7 (1938) 

R. E Wheeler Measurement* of Paint Film Th ckness Produett Ftntshtng 5 54 (Apnl 1941) 

^A L Alexander P King andJ E Dinger AiiJn3trumentforStearur\nglheT/iicknetio/I<gneimiud 
tng Films orer It onmagnelic Metals Preprint of Divimon of Paint Varnish and Plastics Chemistry American 
Chemical Society September 1944 

^*A If Pfund The Thickneu of Wet Paint Films J Franklin Inst 191 517 (April 1921) 


F Payne Appbcation of Uniform Films Jnd Eng Chem (Anal Ed.) 15 48 (1943) # 

Digest No 238 p 400 Federation of Paint and Varnirfi Production Clubs September 1944 
®W W Kittelberger V\ ater Immersion Testing of Melal Protectiae Paints Jnd Eng C 


•443 (1942' 
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coats of any paint that maj' be at hand, app^'ing more than one test system on a 
panel, and comparing systems with different numbers of coats on a panel. The use 
of large panels may minimize these effects, but the .safest procedure is to paint all 
sides of the panels with the test system and add an extra coat on the edges. A 
similar question arises in planning tests on structures where contiguous areas may 
increase electrolytic effects due to the presence of bare steel or of more noble 
metals which are unpainted. To minimize such effects, each test system should 
be allowed as much area as circumstances permit and be tested in both favorable and 
unfavorable locations. 


MOUNTING OF TEST SPECIMENS 

In atmospheric tasting, the results of vortical, angular, and horizontal exposures 
may not agree-^ as to amount or order of failure because of the differences in light 
and heat intensity and the extent to which the water accumulates on the surface. 
Common practice is to expose panels at 45° facing south with the idea that this 
represents average conditions. Recently, 30° exposure has been proposed for sub- 
tropical locations in order to take full advantage of the maximum average exposure 
to the sun, although many believe that moisture conditions are more important. 
Some investigators give the test panels a 135° bend so that either vertical and 45° 
or horizontal and 45° exposures can be obtained %vith the same panel. 

Continuous water immersion tests are generally exposed in a vertical position, but 
the racks may be adjusted to catch the impact of currents at some specific angle. 
Whether panels in so-called tidewater or alternate-immersion tests should be 
mounted vertically or 45° facing south apparent^'’ is still being debated. Tests on 
the exterior of large stnicturcs should be distributed on both sunny and shady areas, 
with consideration also being given to moisture conditions. 

One advantage of using heavj' I-beams or angle sections on tost racks is that thoj^ 
require no anchorage. Insulation of test specimens from each other and from the 
metal rack is usually desirable under anj’- condition, but it is very necessary where 
moisture and salt water conditions prevail. One easj' way to obtain sufficient insula- 
tion for most exposure conditions is to attach the panels to boards in such a manner 
that the panels and their wood supports can be mounted as units. Galvanized screws 
and w.asher.s should be u.sed and space allowed to avoid tendencies to hold water at 
any point between the back of the panel and the support. In general, the construction 
of the rack can follow the plan for a metal corrosion rack' illustrated bj’ Figs. 1 and 2, 
p. 1015. In all severe tests involving direct contact with water or chemicals, complete 
electrical insulation of the test specimen should be provided by means as eflective 
as those recommended by the American Society for Testing Materials-'* for corrosion 
re.sistance tests of metals. 


TIMING OF EXPOSURE, INSPECTION, AND RECORDING 

For complete information, it is often desirable to start duplicate tests at different 
seasons because freshly applied paint films are more sensitive to unusual conditions. 
Otherwise, outdoor test painting or panel expasure should be done under conditions 
normally considered acceptable for applying paint. 

^S. E. Beck, "Laboratorj* TcstitiR of Metal rinishe',’* Am. Paint J., 2S, sA (Sov. 1, 1943). 

‘‘nccotntnen(Icd Practice for ConductitiR Plant Corrosion Tett."," d. S, T. M. Standards, A 224-41, 
Part I. 492 (1012). 
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Plans 'hould be made for inspections at stated intenaL, but the time intenal 
must of necessity ^ary vrtih the ee\enty of the exposure For moderate atmospheric 
conditions a cursory inspection at 3 or 6 months to see if anj thing unusual is 
happening with a more careful m pection after one j ear and annuall> thereafter 
maj <=uffice Seiere inda.tnal conditions and salt water immersion demand more 
frequent inspections ranging from monthly to three or four times a j ear Frequent 
inspections are important if stati tical methods of data analysis are to be used 
Although the inclusion of a comparison, standard la helpful in interpreling results 
pictorial standards for degreep of paint failures are a% ailable which offer promi e of 
puttmg inspection data on a more u.cful ba^is The«e standards for rusting‘’a and 
blistering"'® were dei eloped for use in panel teats but experience indicates that they 
will be equally meful for larger-scale field teata^i Standards are aLo aiailable for 
other common failures of paint systems which can accelerate the appearance of 
corrosion such as chalking ero-ion checking and cracking ^8 
The commonly accepted rating scheme* are based on a numerical «cale, but there 
are differences of opinion about the «cale Many commercial laboratories still prefer 
a 0 10 scale with 0 — ab«ence of failure and 10 = complete failure whereas the 
American Society for Testing Materials"'® and the Federation of Paint and \am:h 
production Clubs®® ha\e agreed on 10-0 with 10 perfect or absence of failure and 
0 complete failure or poorest condition conceivable 

SELECTION OF TEST LOCATIONS 

IVeather conditions at te t locations are important becau«e organic coatings are 
susceptible to climate and weather Assuming (bat atmo phene conditions are not 
unusual essentially the «ame degree and lyiie of surface failuie are obtained on paints 
m widely separated locations in the ame latitude whe e the climate may be con 
sidered comparable or average Examples of exceptions due to abnormal local 
conditions that may exi-t in the same latitude are «uch locations as Denver and 
PitLburgh ALo typically different in character as well as degree in their effects 
on paint «y«tems are locations m southern latitudes such as Miami and the Gulf 
Coast where sev ere surface chalking and erotion occur, and northern latitudes where 
temperature changes promote cracking and peeling 
The amount of moirture and the manner in which it contacts the protective coating 
are important For example ordmary intermittent ram is less damaging than fog 
or condensation (dew)®^ The net result is that tests m humid 'southern location- 
particularly tho e near the seashore are essenlialh accelerated te ts when compared 
With mo t of the country Such locations are exten_ivel> used for this reason although 
they may be misleading if the paint system happens to be susceptible to the effects of 
temperature changes Sea hore expo-ures are usually accelerated tests when compared 
with inland exposure-, as are highly indiLtralized locations when compared with 

*^,<1 S T il Pictonal Riahng Method D 510-43 Part II p 1601 (1946) 

S T il TenMitt Mtthod for ETtiiitatuig Dtgrtt D 7H-4a Part II p 1171 (1946) 
*^W F Singleton The Interpretation ol Visual RusUne Standards Proc Am Soc Tat ng ilaUrudi 
44 (1944) ,, ^ . 

STM Standards Part II (1946) — Ftetonal Standards or Paml FaQurts Chalkme Method 
D 659-44 P 1175 Checking Method D 660-44 p 1177 Cracking Method D 661^ P USO 
Erosion Method D 662-44 p 1183 

STM PtctoTsal Rusting Standards Xlethod D 610-43 Part II p 1186 (1946) 

Report of Exposure Teet Comnnttee Federal on of Paint and \arnish Production CTubs 1933 
American Paint and Varnish Xlanufacturers Association, Circ 44o (November 1933) 

siR J Wirsbicg Some Causes of Paint-Film Failure Ind Eng Chem. S3 234 (1941) 
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rural communities, etc. The safe course is to include locations that represent the 
e.xtremes that may be encountered in service. Experience indicates that the following 
typical atmospheric exposure conditions should be con.'idered for field testing 
of paints; 

Inland industrial location of low mean altitude near latitude 40° north. 

Moist, hot (semi-tropical), seashore location (Florida or Gulf Const). 

Cold seashore location (New England or ^Yest Coast). 

Dry, normally hot, inland location where rapid temperature changes are encoun- 
tered (West Texas or Colorado). 

Dry, normally cold, inland location where rapid temperature changes arc encoun- 
tered (North Central States or Canada). 

However, some investigators are not convinced that the last two exposure condi- 
tions are essential for testing paints on metals, but that two types of inland e.xposurc 
conditions should be used, namely, industrial and suburban. The question is under 
discussion in A.S.T. M. subcommittees, and the reader is advised to refer to reports 
that will appear from this source. 


PREPARATION AND CLEANING OF SPECIMENS 
B. B. Knapp* 

PREPARATION OF SPECIMENS 

Size 

The corrosion specimen will vary in size and .shape with the type and purpose of 
the test and the testing apiiaiatus or equipment. In general, the .size may be limited 
by maintaining a proper ratio of specimen area to volume of testing solution (pre- 
ferred minimum ratio — 5 liters/sq dm). Where the corrosion rate is measured only 
by weight loss, the ratio of area to mass and total area to edge area should be large. 
These conditions are especially important where the weight losses are small, such 
.as in short-time laboratory tests or in mildly corrasive media. When practicable this 
condition can be mot by the use of flat disks or squares of a size that will permit 
weighing on an analytical balance. Where other measurements are used to measure 
cotrosion, the size and shape of specimen will be governed by the particular test. 

SunFACB Prep.xr.\.tion 

The .surface picparation will also vary with the type of test. In general the surface 
should be representative of what would be used in practice. If there is no preferred 
surface condition, a standard one should be used. Edges should be finished by 
machining to remove the sheared metal. Pickling is neccssaty for .=ome materials to 
obtain a reproducible surface, but mast materials can be finished by .-jimply resur- 
facing with No. 120 abr.asive paper. Pickling or stress lelief annealing are sometimes 
used to avoid eficct of cold-woiked surfaces. 

Preliminary degreasing can be done in a solvent or in vapor of a soh'ent. This 
.should be followed by wot scrubbing with pumice until the surface is free of water 
breaks, rinsing in water, and drying. Immediate and complete dtying is nGcess.ary to 
prevent oxidation of some materials. Rinsing in a water-miscible solvent, such as 

• Kcscarch Laboratory, The International Xickcl Co , Inc., Bayonne, N. J. 
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alcohol or acetone, before dxjmg will aid rapid drjing but it «hould be done with 
care to a% oid depositing a grease film on the urface Prepared specimens should be 
stored in a desiccator until tested 

Identification 

Corrosion specimen^ are usually and most con\enieatlv lden^led bj stencilms 
Howe\er other method, are u ed where tcneil marks are likeb to become obliter 
ated Such methods as notching dnlimg holes and %arious means of protect ng the 
tencilo are used In all tests a record should be made of the relatn e po-itions of the 
specimens in order to maintain their identitj 

CLEAMVC OF SPECIMENS 

The cleaning of corrosion specimens at the end of the te«.t depends upon the method 
used for measuring the corrosion Specimens that are u ed for weight lo determina 
tions mu..t be thoroughlj cleaned of all torro. ion products without loss of an^ cound 
metal There are man> sat^factorj methods of cleaning tpecimens but vhaleier 
the method its effect tn removtng base metal should be determined for each matenal 
An apprai al of the amount of attack should determine the cleaning method a 
drastic methods should not be a.ed when there are indications of odI> a «mall weight 
lo.sa resulting from the corro ion te t 

Methods for cleaning corroded gpecimeus \ar> with the metal and to some extent 
with the nature of the corro ion product The remoial of the corrosion product ina> 
not be a simple procedure as no one method cm be relied upon No hard and fa t 
rules can be laid down con equentlj it is neces^ar^ for the individual to study the 
problem and select the most uitable procedure 

The various cleaning methods ma> be classified as follows 
I Mechanical Treatment 

A Scrubbing with brntle brush 
B Scraping 
C Vi ire brushing 
D Shocking and andbla ting 

II Chemical Treatment 
A Organic solvent 
B Chemical reagents 

7TT Electrolytic Treatment rs Cat! ode 
A Sulfuric acid 
B Citric acid 
C Potassium cyanide 
D Camtic soda 

Mecha>tcae Trev.tmeni 

et scrubbmg with a bristle brush and some abrasive and detergent is a good 
method for remov mg light non adherent films This is al o an esceptionallj goo 
method for the la t step m any cleanmg procedure A brush 'uitable for this purpose 
Is a flat stiff bristled platers brush Sapolio «oap is a good abrasive and detergent 
This method «houId be med with a certain degree of care as 'ome metal can e 
removed by abrasion from PNces-ive scrubbing (See Table 1 ) 
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Table 1. WEIGHT LOSSES OF CLEAN’ METALS SCRUBBED VIGOROUSLY 
WITH BRUSH,* SAPOLIO SOAP, AND WATER FOR ONE MINUTE 

140 Strokes per Minute 


i^Taterial 

Weight Lost {ing/sq dm) 

Aluminum 

37 

Cast iron 

4 . 3 

Copper 

93.3 

Inconel 

.32.3 

Lead 

121 

Monel 

3S 7 

iMild atcf 1 

21 2 

Nickel 

27 4 

Ni-Hcaist 

4 3 

Stainless steel 

17 0 

Tin 

1S3 


* Brush used was a stiff-bristled plater's brush. 


Specimens with a Iieavy scale, such as commonly found on soil or afmospheric 
corrosion specimens, are usually subjected to a rather har.-h mechanical treatment 
to remove the outer la 3 ’ers of the deposit. Such treatment ma.v include scraping with 
a dull chisel or knife, wire brushing, and mechanical shocking such as hammering 
or dropping on a hard surface. The one danger with such drastic treatment is that it 
might mar the metal surface and thus hinder its e.xamination if it is carried too far. 
Such methods should be used onlj' as a preliminary cleaning and should be followed 
by chemical or electrolytic treatment to remove the last traces of corrosion product. 

Sandblasting is another mechanical method which has been used with succe.ss, 
c.5pecially on steels. The amount of metal it removes appears to be a function of the 
hardness. The following results were obtained on three materials* treated for the same 
length of time.i 

loss, tno/sq dm 


Hot-rolled etccl 
Cold-reduccd steel 
Galvanized 


298 

10.1 

114 (no zinc visible) 


It is evident that the method can onlj' be used on heavilj’- corroded specimens. It 
also has the disadvantage that it renders the surface useless for examination. 


Chemical Treat.mext 

Corrosion specimens coated with a gummj' resinous product or greases and oils are 
best treated with some organic solvent before attempting other cleaning methods. 
Acetone is usually tried first, but the choice of solvent is be.-t loft to the discretion of 
the operator. Other solvents that have been u-sed are carbon tetrachloride, alcohol, 
ether, gasoline, benzene, and kerosene. 

Various chemical reagents are used, but they are more specific for certain materials 
than for general use. The.se special treatments are listed on p. 1081. 

Electroche.mical Tre.\t.me.\'t 

Several solutions have been used for the elecfrol.vtic treatment with the specimen 
as cathode. The best one appears to bo sulfuric acid solution with organic inhibitor. 

•Time necessarj' for sandblastina depontU on the corrosion products. For exposed paint panels. 051 
min. sufficed for the removal of paint and corrosion products. 

' Unpublishetl data from Mellon Institute. 
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Thij treatment is a.ed under the following condition* 

SolutiQ Sulfuric acid 5% b> weight 
Anodes Lead or carbon 
Cathode Corrosion specimen 

Cathode current density 20 amp per sq dm (U amp per sq m ) 

Inhibitor 2 ml organic inhibitor per liter of solution * 

Temperature 75° C (165° F) 

Exposure 3 to 5 mm 

Table 2 li*ta the weight losses obtamed on a number of materials when the clean 
metal* were subjected to thi* cleaning treatment The metal* that are likely to be 
attacked u.ing thi* method are magnesium zinc and poasibly lead 
As clear cut a* this method appears it still ha* its pitfall* for the unwary operator 
A poor contact will not make the 'specimen cathodic and wnll allow it to corrode in 
the acid solution Thu can uauallj be detected by a low current or no \ isible gass ng 
from the 'pecimen The best remedy i* to devise some bolder for the specimens that 
will msure good electrical contact Another «ource of trouble i* contamination of 
the "olution with an easily reducible metal ion such as copper silver or tm which 
will plate out as a metal depo-it on the specimen and tbu* lower the apparent weight 


Tabie 2 EIGHT LOSSES OF CLEAN METALS SUBJECTED 
TO ELECTROLYTIC CLEANING TREATMENT 
Inhibited o% «uirunc acid bath 


Time ot Exposure — 3 m a 


i aUnal 

Alum num (comtserc illy pure) 
Brass (admiral(y) 

Brass (red) 

Bra.s (yellow) 

Bronze (phosphor o% t o) 

Bronze ('ll eoa) 

Bronze (ca-i So-s>"5“i>) 

Copper 

Copper cuc)kel (70-30) 

(d^r-^o) 

(30- 0) 

Copper n e^el z ae (7»-20-5 
Iron (mild steel) 

(cast) 

(alloy cast) 

(18-8 stainless steel) 

Lead (chemical] 

N ckel molybdenum iron (60-20-20) 
N ckel-chrommm iron (80-13 7) 

Tm 


Weiftht Lett mg >qdm 


Too high to be useful 


loss Errors from this source may be senous A good plan i* to clean such allojs in 
a separate solution or else clean them last before discarding the solution Copper 
deposits acquired m the cathodic treatment can be removed easilj in an aerated 2 c 

•Eg Rodme Any of the following may also be used in concentrat on of 0 5 gtam pet 1 ter diucthotolyl 
thiourea qumolm ethiodide or betanaphthtd. 
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ammonia solution provided such a solution does not attack the base metal. A third 
source of trouble is decomposition of the inhibitor, which will then allow attack of 
metal under the corrosion products. This can be overcome by avoiding prolonged use 
of the cleaning solution.* 

A similar electrolytic cleaning method was described for the removal of scale 
formed in high-temperature steam on various steels and alloys.- The acid and 
inhibitor (quinoline ethiodide) concentration was 10% and 1%, respectively, con- 
tained in a lead jar serving a.s anode, and the cathodic current density was 15 amp 
per sq dm (1 amp per sq in.). The time of cleaning required for four oxidized 
steels was: 

Sled Time, hours 

S.A.E. 1010 

4-0% Cr-Moly 1 

12% Cr 2 

lS-8 4 


No attack of the base metal took place below 45° C (110° F). 

Other solutions used for the cathodic cleaning of corrosion specimens, especially 
rusted steel, include a saturated solution of citric acid, a 10% solution of sodium or 
potassium cyanide, and a 10% solution of caustic soda. The corrosion committee 
of the Iron and Steel Institute^'^ investigated these three solutions. It was reported 
that the citric acid solution was not too efficient on rusts that had aged. At high 
current densities the solution becomes hot and above S0° C (175° F) it will attack 
steel. The c.yanide solution was found to be superior to the citric acid for lightly 
rusted steels. The caustic soda solution was found to be of little value for removing 
rust from steel. For additional methods see items 6 and 8 below. 


SPECIAL METHODS FOR CLEANING SPECIFIC MATERIALS 

1. Copper and Nickel Alloys. Dip for 2 to 3 min in 18% hydrochloric acid or 10% 
sulfuric acid at room temperature and then senib with bristle brush. 

2. Aluminum Alloys. Dip for 2 to 3 min in concentrated nitric acid at room tem- 
perature. Scrub lightly with bristle brush as some aluminum alloys in an annealed 
condition may be abraded. In some environments an oxide film is developed 
which resists the nitric acid. In such cases an alternative treatment is usually 
effective. This consists of about a 10-min dip in a solution containing 2% chromic 
acid and 5% phosphoric acid at a temperature of 80° to 85° C (175° to 185° F). 
This treatment can bo followed by the nitric acid dip. 

3. Tin Alloys. Dip for 10 min in a boiling solution of 15% trisodium phasphate. 
Scrub lightly with bristle brush. 

4. Lead Alloys. 

(a) For removal of PbO: Dip for 10 min in boiling solution of 1% acetic acid. 
Scrub lightly. 

(b) For removal of PbO and/or PhSO^: Dip in hot solution of 25% ammonium 
acetate. Scrub lightly. 

• A fourlh po‘»‘»iblc error occurs when the corrosion product can be cathodically reduced to metal, therebi* 
Kivinj* ri«e to low corrfisiou weight losses. No data arc available to indicate the importance of thi« factor, 
but it is likely that it need be considered only >sbon dealiiiR with thin coatincs such tarnish films. 

• n. L. Solbcrc, G. A. Hawkins, and A. A. Potter, Trans. .Im. 5oc. ^^ccK. Unpr/t., 64, IlO'l-.'llO (1912). 

• Fir^t CoTTO'tion Fcjxyrt of Iron and Stfd p 207, 1031. 

^ Third CoTTonoix Rrpjrt of Iron and Steel /nsfifu/r, p. oO, 1935. 
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(c) Fot remoial of PbO The clo'elj adhering lead peroxide on battery grida 
can be remo\ed ^Mth the following solution 

Sodium hj drozide — 80 grams per liter 
Mannite — 50 grams per liter 

Hydrazine sulfate — 0 62 gram per liter 

After brushing to remo\ e looL.e corto. ion product the specimens are placed 
m the boiling solution for 30 mm or until the metal surface is clean \\ash 
m warm running water and crub lightly to remoie a possible film of oxide 
on surface 

5 Zinc Immersion for o min m a 10% ammonium chloride solution followed by a 
light scrub should remoie the corro ion products Then immerse for 20 sec in a 
boiling olution containing 5% chromic acid and 1% silier nitrate T his pro 
cedure gi\ es a blank lo^s of about 4 6 rag per sq dm In making up the chrom c 
acid solution it is adn able to dis^ohe the siher mtrate separately and add it 
to the boiling chromic acid to preient exce&.ive cn tallization of the siher 
chronaate The chromic acid mu t be free from «ulfatc3 and chlorides to avoid 
attack on the zme 

6 Zinc Coated Steel After Rusting Several methods have been u-ed for such 
fipecimens They are 

(o) Treat cathod cally at 1 1 amp/ q dm (10 amp/«q ft) m the following solution 
at 70* C (160* F) tn odium phoLphate 30 grams per liter sodium carbon 
ate 15 grams per liter sodium hy droxide 10 grams per liter 

(b) Soak in a olution of 10% tn odium phosphate for 2 to 15 hours depending 
upon the amount of corrosion product 

(c) Immer e m a 20% ammonium hvdroxide solution for 2 to o mm 

(d) Treat cathodically in 5% duodium phosphate for o min 

(e) Immere in a 10% ammonium persulfate solution 

7 Magnesium Alloys D p for approximately I mm in 20% chromic acid solution 
to which has been added with agitation 1% AgNOs m solution form It is impor 
tant to u e CJ* chromic acid as sulfates and chlorides present will attack the 
magne uim This method was recently modified to a 15-mm dip in a boiling 
solution of 15% chromic anhydride and 1% silver chromate for the reason that 
nitrates may cause some attack 

8 Corroded Iron Several methods in addition to tho e described have been iked 
for ru-ted iron specimens 

(а) Cathodic treatment in 10% ammonium citrate at 10 amp/ q ft (H 
amp/sq dm) 

(б) Cathodic treatment in 10% sodium cyanide at 20* C (68* F) 15 ampAq ft 

(1 6 amp/sq Jm) for 20 mm ' 

(c) A 5-mm immersion in a boiling solution of 20% sodium hvdroxide to which 
has been added 200 grams per liter zinc du t is effective in loosening a 
deposit 

9 Stainless Steel Alloys A 10% mine acm solution at 60® C (140° F) is an effective 
cleamng solution Contamination with chlorides should be avoided or attack 
of the ba c metal may result* 

• ^ p ckle su table for eome purjxjee* in prepanoe »ta nless teat Bpecimens la g ven in item 2 ondef 
The Alloy p 173 Editoe, 

* F A For and C J 15vj*'rod J Inst Velalt 70 32j (1944) 
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GENERAL REFERENCES 

(PREPARATION AND CLEANING OF SPECIMENS) 

A. S. T. it. Standards, Designation B 1S5-43T, Part I, Supplement, p. 332 (1943J. 

A. S. T. ill. Standards, Designation A 224-41, Part. I, Supplement, p. 72 (1941 ). 
Symposium on Corrosion Testing Procedures, American Society for Testing Materials, 1937. 


Statistical Methods 

G, G. Eldreoce* 

INTRODUCTION 

The primary purposes of tin's chapter are: (1) to draw attention to statistical 
concepts, (2) to provide a minimum reference list, and (3) to show how statistical 
reasoning can contribute to studies on corrosion in the planning of corrosion experi- 
ments and in identifj’ing causes of corrosion. 

In 'corrosion testing, as in e.xperimental data of anj' kind, in order to measure the 
effect of any cause it is necessary to take into account all the other causes, known 
and unknown. The results of unknown causes are called error and may bo divided 
into assignable error and residual error. The interpretation of data usually involves 
the comparison of the magnitude of the results with a measure or estimate of the 
experimental error, even if this comparison takes no more definite form than an 
opinion that the results are significant. This chapter describes various elementary 
statistical techniques used in comparing results with errors. Definitions, nomenclature, 
and calculation short cuts are given at the end of the chapter. 

In order that data may be interpreted efficiently, the first and most important 
requirements are that the experiment be propeily designed to give the information 
wanted and carefully controlled in the important respects. If information is being 
obtained from a process beyond the control of the investigator, it is all the more 
necessary to set up the sampling procedure to insure getting data without unncce.srary 
bias. Statistical design requires taking into account variation attributable to cau.ses 
under study and known unwanted cause.?, and it al.'^o must provide enough informa- 
tion to moa.sure the overall effect of unknown causes which make »ip the residual error. 

After the best has been done in designing the test, the first step in interpreting 
the data is to arrange and present them. This should be done in a way to show ; 

(1) The measures of the effects being studied (averages, differences, rates, coeffi- 
cients, etc.), in addition to 

(2) The quantity of data represented. 

(3) If po.?.«ible, the quality of data (evidence of conlrolt). 

(4) Measures of the spread or precision of the data. 

(5) How the data are distributed around the averages or other measures. 

A discu.'.sion of the subject of presentation of data (from which this list is adapted) 
is given in a pamphlet of the American Society for Testing Materials.^ For pre.'enting 
a set of observations of a single variable obtained under the .?ame essential condition.'-, 
the average (a), the standard deviation (</), and the number of observation.? (b) arc 

* She-11 Development Companj’. Emcofllle, California, 

t Woida in italics arc defined nt the end of the chapter. 

^ .\mcrican Society for Testing Xfatcrial?, Manual on Presentation of Data, 1940. 
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the minimum 'pecifications The pamphlet referred to recommends the form 


Number of Tests 

Av erage 

X 

Limits for A 
Chances 9 in 10 

Standard Deviation 

10 

575 2 

±5 1 

8 26 


The limit quantity is calculated from the other three quantities Its calculation and 
meaning as well as that of the standard deMation will be discused later 
If enough obseriations are a\ailable the shape of the distribution (e) can be 
indicated b> the showing of a grouped frequencj distribution or m terms of statistic^ 
measuring skeiiness and kurtosta It must be admitted that this standard as logical as 
it sounds la not met bj mo^t publi hed data on corroaion 
An e\tensi\e example of the presentation of meaaurea of the «pread of corrosion 
data maj be examined in an A S T M report on 10-j ear atmo«phenc corros on 
te'ts of non ferrous metaL '* In thi:. example tensile strengths and standard deMations 
of tensile strengths are gi\ en m tables (points a and d mentioned above) but the 
quantitj of data represented by each average is guen only m the text (point b) 
^ ith regard to point c evidence concemmg control a presented as a set of mod £ed 
control charts of the uncorroded material (see below for a ducus ion of control 
charts) with plotted standard delations of the dn-tribution at each data point 
instead of control limits 

^^uiIBBR OF Places to be Retais'ed is Calcol.\tios A?n> Presentation of Data 
During calculation one or two or more places than will be retained should be kept 
to p^e^eQt compounding of error For the presentation of data the number of places 
to be retained will depend on what u.e to be made of the re&ults A general rule 
therefore cannot be laid down If the arrangement of data suggested above is fo! 
lowed there will be nothing ver> muleadmg about extra digiu carried in an average 
It would appear uauallj unnecessary to carr> more than one or two doubtful figures 
that IS the phis and minus I mils given above ma> be expressed to two figures and 
the av crages ma> be espre ed to the same decimal as the limits 
A conservative rule generall> equivalent to retaining at least two doubtful places 
would be to express measurement to at least the nearest sixth of the standard 
deviation and a "tati tic such a* an average or standard deviation to at lea-t the 
nearest sixth of its expected standard dev lation * ith any given standard of reten 
Jjnn xif ilynt-s Jo e^uress andivjdiial x alues one Rxtra .olace ma,v be justified for the r 
averages up to 100 values For larger samples more places should be carried t 
Carrjing standard deviations to three significant figures is recommended s When 
probable errors are u^ed m the literature (see Confidence Ranges or Confidence 
Intervals p 1087) one or two places are more common 

TESTING CONTROL 

The most used method of testing for statistical control ('tati't cal uniformity 
absence of unknown assignable causes) is the control chart technique The control 

•ThiswiUgi eanexpectedrangeofthiityeixorinoTel mestbeleast nterval indicated *5 nee an BTerage 

IB more precisely known than an ndi ndoal value it may be eap eeaed to more places 

f Thia results from the form of the express on for the expected standard devjst on of an average 
Cj (correct on for sample s re not mportant here) 

* Stibcomimttee V I of Comm ties B 3 Proe Am Soe Ttti ng J/alerwIe 44 2'’4 (1944) 

* Amencan Soc ety for Testing Materials Jtfoimal on Pwrentolmn o/ ZJoIa 1940 
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chart technique is a procedure widely used in controlling industrial production and is 
being applied more and more in laborator 3 - research. There is considerable literature 
on control charte.^.-'.^'.'’'." Examples of the application of this technique to corrosion 
problems have been published.s.*)'to.^i.i2 

A control chart maj- be made from any sufficient]}' complete series of values in 
wliich it is desired to find if there are non-random causes of variation worth trying to 
find. Control charts may be made by plotting averages or any other statistic, such 
as standard deviation, range, or fraction rejected, along with objective control limits, 
which indicates values suspected of not being random. Only the description of a 
control chart for averages will be given here along with .some comments on the 
interpretation. Discussion of control charts for the other statistics mentioned may 
be found in the references cited above. 

Construction of a Control Chart for Averages 

The following directions parallel the procedure given by the American Society for 
Testing Materials and the American Standards Association.i'*d-i 

The first step is to divide all the data into small subgroups (usually four or five 
values to a subgroup) and plot their averages consecutively. (The subgrouf^ are 
usually chronological but may have some other logical basis. It is necessary that 
causes of lack of control should affect differences between subgroups more than 
differences within subgroups.) 

The second stop is to plot the central average and the control limits at plus and 
minus three times (or some other multiple of) the expected standard deviation of the 
averages above and below the central average. This triple expected standard deviation 
of the averages is obtained by multiplying a standard deviation assumed from past 
experience by a factor A — 3/V^ or by multiplying the arithmetic average standard 
deviation of the individual subgroups by a similar factor A], which contaias a 
correction for the bias of the averaging of o-’s and for the bias due to small sample 
size. Tables of these factors, A and Ai, are given in worlcs on this subject.^^d-i The 
control limits may also be estimated from the ranges of the subgroups with similar 
factors. This latter method is easier and but little less efficient for samples of four 
and five, although markedly less efficient for considerably larger samples. Another 

methodic of getting the height of the control limit is to use V' (a®)avo./(n— !)• 

■* L. E. .Simon, An Engineers' Manual of Statistical Methods, John Wilcy nnd Sons, New York, 1041. 

^Ainorican Standards As-sooialion, New York. "Guido for Quality Control," A. S. A. War .Standard 
Zl.l (1941): "Control Chart Method for AnalyzinK Data,” Z1.2 (1942); "Control Chart Method of Con- 
trollinj; Quality duriiiR Production," Z1.3 (1042). 

'E. S. Pearson, llritish Standards Institution, London, "The Application of Statistical Methods to 
Industrial Standardization and Quality Control," GOO (1935); B. P, Duddinc and W. J. Jennett, "Quality 
Control CImrts," OOOR (1942). 

^ W. Shetvhart, Economic Control of Qualit;/ of Manufactured Products, D. Van Nostrand Co., New 
York. 1031. 

® R. F. Passnno, Proc. Am. Sic. Testing Materials, 32. (II), 40S (1932). 

® R. F. Passano and F. R. Naalcy, Proc. Am. Soc. Testing Materials, 33 (II), 3S7 (1933). 

W. A. Wesley, Proc. .Im. Soc. Testing Materials, 43, G3.j (1913). 

R B. Meats, C. .1. Walton, nnd G. G. Eldredgc, Proc, -Im. Soc. Testing Materials, 44, 039 (1944). 

^ W, E. Campbell, Trans. Elcclrochem. Soc., 81. 379-390 (1912). 

.\rncrican Society for Testina Xlaterial®, Manual on Presentation of Data, 1940. 

"American Standards A.ssocintion, New York. "Guide for Quality Control," A. S. A. War .Standard 
Zl.l (1941); "Control Chart Method for Analyzing Data,” Zl.2 (1912); "Control Chan Method of Con- 
ir.ilUtiR Quality durins Production,” Z1.3 (1942). 

'Dl. S. Pearson. British .Standards Institution, London, "The .\pphcation of Statistical Methods to 
Industrial Standardization and Quality Control," 000 (1933); B. P. Duddinj; and W. J. Jennett, "Quality 
Control Charts,” GOOR (1942). 
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Interpretation of a Control Chart 

Points falling outside the control linuto are jndicationA of non-random causes or 
lack of control Random variation does not interfere with this indication, since it is 
present in both the within subgroup and among-subgroup variations compared A 
change m the subgroup size will diange the spread of tbe control limits by changing 
the factor A or Ai 

When points fall outside the limits the causes may not be evident, but experience 
shows that an investigation into the source of the data will often reveal (enough to 
justify the search) these assignable causes to the engineer or re®earcher who^e know! 
edge of the process or experiment niJJ suggest possibilities An improvement of the 
experimental conditions can be made to remove these causes one at a time until 
no more non-random causes appear to be present After the system is in statistical 
control predictions may be made of future results In particular, other statistical 
tests may be used with as urance 

Other criteria of control may be ited besides the finding of a point outside the 
control limits A long run of successive points above or below the average (or more 
logically above or below the median) 13 an indication of lack of control Table 1 
shows the length of a run in a senes of a given number of points, which is an 
indication of Jack of control at the two «ignificaQce Jev els 95% and 99% 


Table 1 LENGTH OF RUNS ABOVE AND BELOW THE MEDIAN SIGNIFICANT 
AT THE INDICATED LEVEL OF PROBABILITY* 

Runs as long or longer are signihcant 


of Series 

Rune Above (or Below) Alone 

Runs Either Above or Below 

P - 9o 

P - 99 

P - 9o 

P - 99 

JO 

A 




20 

7 

S 

7 

S 

30 

S 

9 

8 

9 

40 

s 

9 

e 

10 

£0 

8 

10 

10 

11 


•F Vlosteller innali Matf Staliiltti I* 229(1041) In ihe same pUee la a table givine probabilii M 
of tlie runs of difterent lengths 


Still another criterion of control is the occurrence of a run of points all in a'cending 
or de-cending order A table similar to Table 1, giving significant lengths of ruai 
ascending or descending or the probability of the occuirence of an arrangement with 
at least one run ascending or descending of a critical length or more, is not available 
although the equations for the expected number of runs of various lengths and their 
standard dev lations are in the statistical literature 

Howcvci the total number of runs above and below the median or runs a cending 
and descending may be tested to see if there are more or less than would be expected 

• These levels arc lower thaa the 99 73% levels used tor the falling out of indmdua! points but abttle 
reflection v. ill show that this w a logical redueUon of linuts The chance of looking for irouble in a con 
iroUedsystem because the first point falls oulofthe99 73% Umils ia037% but the chance loereaaes with 
the number of pomts Actually in the same numbere of points shown la the table in a sj^tem actushy w 
control the chance of at least one point a fallmg out of control is somewhat greater than the chance of a 
run of one of the lengths shown. 

Vlosteller Annah ifali S/af»rfics « 229(1941) 

I’P S Olmstead J Im SMi !»««■ 37 ]'>2 (1^2) See also IL Levene and J WolfowiW AnnaU 

ifi/h 15 S (1944) 
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from a random distribution. For X obseiration.^ the expected number of run.= vrith 
a range to include probabilities of 959t for runs above and below the median is* 



and of runs ascending and descending 



If the total number of run.' of either sort falls out of the ranges given, it is an 
indication of lack of control. If the number of runs is excessive, the cause leading to 
lack of control may be periodic. 

Campbell has described an application of both types of runs to corrosion work.i® 
Tests of Sigxific.v>'ce 

When there is a.«surancc that statistical control exists, data may be interpreted 
with assurance. When the relation of results to the amount of error is not sufHciently 
obvious, tests of significance may be used. 

COXFIDEN'CE RANGES OR CONFIDENCE INTERVALS 
IXTOODUCTION TO THE LTeST 

Averages are frcquenth' e.vpressed with a confidence interval in the form A' -}- L. An 
e.xample was given on p. I0S4. The limit quantity like the 5.1 in this example can be 
separated into two parts, in several equivalent waj's, either Limit = 00 -= <f(<r/V^), 
or Limit = {(s/V^). The two alternative expressions involve the symbol 
o- = Vs (A' — X')-/n usuall}' employed in engineering literature or the quantity 
.5 = Vs (A' — X)-/n — 1 usually used in the literature on tests of .significance. It may 
be seen that a, d. or t will vary with the probability that it is desired to indicate by the 
limits. In addition because o- and s are calculated from the limited samples for a given 
probabilitj', I and d as well as a are functions of the size of the samples or the number 
of tests. In older work it has been common to neglect the effect of sample size on d 
and use values of d = 0.674.5, 1, 2, or 3 giving limits which have been called “probable 
errors,” “l-sigma limits,” “2-sigma limits,” or “S-sigma limits,” respectively, and en- 
closing for very large samples from a normal population the respective probabilities 
.5000, .6S2G, .9555, and .9973. When applied to smaller samples, however, these 
intervals enclose the “true” metin le.«.s frequently. 

However, it is now recommended*®-^ to u.«e values of a, d, or I to give limits which 
have a constant probability of including the “true” mean of normal populations. Here 
“true” mean is the mean that would be approached bj- using more or larger samples. 
'Flic S. T. M. pamphlet*® give.s a table of values of a from which to get limits for .9 
or .90 probability. Table 2 of this chapter gives values of t which can be used for limits 
of .95, .99, or .999 probability. 

•The radical ia the st.andani delation; the J'j term is a theoretical adjustment for'non-normality of 
distribution. Theso enuations acre adapted from equations mven in mimeoaraphed ehcct form by F. C. 
Mostcllcr. 

** tv. n Campb-*n. True*. Ehctrorhtm, .y'o-., 81, 379-3f*0 (1942). 

.-tnierican SAiciety for 'f’e-tina Materials. .1/anuof on Prcentntimi of Ltaia, 1940. 

F. Simon, ,ln /.V.f/iV.Mr.-' .l/nnnnl of iltihods, John tViIey and S^uis, New Vort, 1041. 
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Table 2 VALUES OF I EXPECTED TO BE EXCEEDED (IN EITHER DIRECTinvi 
BY CHANCE ALONE WITH THE PROBABILITY GIVEN* ^ 


Size of a 

Single Sample 

Degrees of 
Freedom 


Probabihty 



n - 1 

05 

oi 

001 

2 

1 

12 706 

63 657 



2 

4303 

9 929 


4 

3 

3182 

5 841 

12 941 



2 776 

4604 


6 

5 

2 571 

4 032 


7 

6 

2 447 

3 707 


8 

7 

2363 

3 499 

S40j 

0 

8 

2 306 

3 355 

5041 

10 

9 

2262 

3 390 

4 781 

11 

10 

2 228 

3 J69 



u 

2 201 1 

3 too 1 

4 437 

13 1 

12 

2 m 1 

3 099 ' 

431S 

li 

13 

2 ICO 

3 013 

4 221 

15 

14 

2 Ho 

2 077 

4140 

16 

lo 

2131 

2 947 

4.073 

17 

16 

2 120 

2 921 

4 015 

18 

17 

2110 

2S9S 

3 06* 

19 

IS 

2101 

2 878 

3022 

20 

19 

2093 

2 861 

3.833 

21 

20 

2096 

2 849 

SScO 

22 

21 

2080 

2 831 

3 819 

23 

22 

2 074 

2 819 

3 792 

24 

23 

2069 

2 807 

3 767 

29 

24 

2061 

2 797 

3 749 

23 

2o 

2060 

2 787 

8 729 

VJ 

1 

2ha6 

1 ntft 

1 h7tfj 

28 

27 

2092 

2 771 

1 3690 

29 

28 

2048 

2 763 

3 674 

30 

! 29 

2049 

2 7*6 

3 699 

31 

30 

2042 

2 790 

3.U6 

41 

40 

2021 

2 704 

3 591 

61 

60 

2000 

2 660 

3 460 

121 

120 

19S0 

2 617 

3 373 

00 

« 

19C0 

2 976 

3291 


•Reprinted from R A Fisher ai.d F Yateo 5Ja(>s/«cat Tailts for Btoloffieal Agnndtvral and Medual 
Etteareh, p 30, Oliver and Boyd, LtA. London, 1943 By permission of the Author and Publisher 
The number n is the number of cotnpansons or deerees of freedom from which ( was ealculsted. 


f-TEST Directions 

A t test IS a waj to compare the difference between a mean and an arbitrary talue, or 
the difference between tno means, with the expenmental error The difference being 
tested IS divided by its expected standard deviation and the quotient compared with 
the appropnate quantity I, which maj be taken from Table 2 For significance of the 
difference between an average and a known value, Xq, usually zero, use: 


t 


A, - X, 
sVl/n 


> t (from table) 


where s = VsfX — A)V« — Ij the table for t is entered with n — 1 degrees oj 
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freedom. For the difference between two averages 


I = 



> / (from table) 


In this latter case s is estimated from both samples as s 


/ s(.Yi - Ah)= -X;)^ 

"V Til “b 712 — ■ 2 


and the table for I is entered from the column giving the number of degrees of freedom, 

ni + 712 — 2. 


Interpretation of t Test 

■RTiat is done by the i test is to compare the difference found from the data, with the 
difference which might be expected because of experimental error in an experiment 
where no rea l dif ference existed. Th e difference is divided by its expected standard 
deviation s VT/n or s V I/711 + l/n^ in order to eliminate the effect of sample size and 
units of measurements as well ns to compare with experimental error. The I test tells 
how often such a difference might be caused by chance. A difference may be real but not 
significant by the t test. When engineering experience suggests that a difference is real, 
it is often suggested that a new experiment be planned with sufficiently larger samples 
to show that the difference is significant. When this may not be done, it is good practice 
to take the observed difference as an estimate of the difference expected. 

EXftMPLE OF A I Test 

Specimens of a certain alloy were intermittently exposed to NaCl-HsOn by a test 
method described elsewhere.^! Losses in tensile strength were compared between 
unstressed specimens and specimens stressed in bending to a stress of 75% of the 
yield strength. 

Table 3 shows the calculation of the t test. Columns 2 and 5 give e.xperimental data. 
In columns 3 and G a number near the mean is subtracted from each value to simplify 
the work without changing the results. In columns 4 and 7 are the squares of the 
values in 3 and 6. The sums of squares are adjusted by subtracting the square of 
the sum of the quantities, divided by their number n as explained at the end of the 
chapter under technical short cuts. At the bottom of this table, t is calculated. It 
(urns oirt to be 3.76, which is definitely larger than the value (from Table 2) required 
for significance at a 95% probability level, which is 2.07. This means that a value 
of t as large as that found in this test would not be expected to arise as often as once 
in 20, if there were no differences between the two types of specimens. In fact, since 
Table 2 shows a value of 3.79 as compared to 3.76 for 0.001 probability, it may be 
seen that so large a value of t would be expected to arise by chance only about once 
in a thousand times. 

Since the stressed and unstressed specimens were tested at the same time, it might 
bo expected that some of the causes of error that might affect them could be 
eliminated from the comparisons, by comparing the values by pairs. This is done in 
Table 4, whore the pair differences of the same data are analyzed according to this 
method. As expected, the variance in the denominator of this equation is smaller 
than before and t is therefore larger. However, the value of I required for significance 
is larger since only eleven comparison or degrees oj freedom were available for 

R. R. Mears, C. J. I\alton, and G. G. Eldrcdpc, Proc. Am, Soc. Ttfling Materials, 44, G39 (1944). 
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Table 3 THE t TEST APPLIED TO AX ALTERNATE IMMERSION' 
CORROSION TEST 


ComparLon of Percentage losses in TencJe Strength of Specimens Exposed Unstressed and 
Stressed to Salt Peroxide Solution bj' Alternate Immer'ion 


(1) 

Teat 

(2J 

(3> 

Unstressed 

(4) 

(^) 

(6) 

Stressed 

(7) 


Xj 

(X, - lOV 

(X, - toy* 

X* 

tXj - 10) 


1 



1 96 

14 2 

2 


2 

6 

-0 4 

0 1C 

12 9 

9 


3 

6 

-0 4 

0 IG 

12 3 

3 


4 

11 4 

I 4 

1 96 

13 0 

3 0 


5 

8 2 

-1 8 

3 24 

10 7 

0 7 


6 

10 2 

0 2 

0 40 

12 6 

2 6 


7 

11 5 

1 s 

2 2s 

10 7 

D 7 

0 49 

8 

9 9 

-0 1 

0 10 

9 1 

-0 9 

0 SI 

9 

9 3 

-0 7 

0 49 

13 1 

3 I 


10 

10 6 

0 6 

0 06 

11 s 

1 5 


11 

8 7 

-1 3 

1 69 

11 9 

1 9 

3 61 

12 

9 6 

-0 4 

0 16 

11 0 

1 0 

1 00 

.Slim 

120 0 

0 0 

12 93 

143 0 

23 0 


tdjuatmeot » 

(Suin)Vl2 


0 00 



44 OS 

Adjuated aum 

of equarea 


12 93 



21 28 


SignifieanM of diSereeee of t' 




*Vi7^ 


+ !/«• hi 2S 2 \ 

\ IS -r 12 - J \ IJ J 


1 required for two samples of 12 that is wiib 22 degreee of freedom (Table 2 ) is 
2 07 (or 5% Probabiliti 

2 82 for I*'* 

3 79 for 0 1 ^ 


e<dimatujg the standard deMation instead of twent\ two for the other method For 
this example it turns out that the probability is about the same for the two methods 
of comparison One method of compan-on ba^ been about as «emitne as the other 


ANALYSIS OF \ARL\\CE 

I^’TRODUCnO^ 

The i test just de-cribed is a simple case of the analj'is of tanance For cases 
where compan ona are made among more than two means, the t tC'l mai be gen- 
eralized to take care of the nece- anl\ more complicated mca'urcs of the came being 
studied and of the unaa.ignable causes* Equations corre'ponding to tho«e gi\en for 
the I test are not commonly written =ince xerj’ coniement general tabular forms hare 
been worked out for making cotoparisons 

Design of Experimext 

In de&igmng an expenment from which more than one kind of comparison is fo be 
made or which will be affected by more than one cau-e, -whether or not a formal 
anahxis of lanance is to be made, the test ahould be arranged so that averages 
showing the effects of each cau-e are not bia ed by the other causes Common cn e 

* See definition of n-tsig nab lg cause. 
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Table 4. THE I TEST BY PAIRING APPLIED TO AN ALTERNATE 

IMMERSION TEST 

DifTcrence in Perccntapo Lo^^ses m Tensile Strength of Specimens Exposed Unstressed and 
Stressed to Salt Peroxide Solution bj' Alternate Iramer-ion Same Corro-ion Test Results in 

Table 5 


Test 

X's. — Ai 

(Ai - AiP 

1 

2 S 

7 84 

2 

3 i 

10 89 

3 

2 7 

7 29 

4 

1 0 

2 50 

o 

2 r> 

G 25 

0 

2 4 

5 7(> 

7 

-0 S 

0 G-t 

S 

-0 S 

0 (A 

9 

3 S 

14 44 

10 

0 9 

0 81 

11 

3 2 

10 24 

12 

1 4 

1 9b 

Sum 

23 0 

GO 32 

Adjustment = (Sum)Vl2 


44 08 

Adjusted bum of bquarcs 


25 21 


Significance of Mean of Pair Dirterenoc 

As 


t = • 


A'l 


11 O'! - 10 


•x/^ ViKT) 


= 4 38 


I required tor 11 degrees of freedom equds 
2 20 for 0 % Probabihtj 

2 S2 for 1% 

3 79 for 0 1% •• 


and visualization of all factois are lequiied Plans for efficient statistical design of 
expel imcnts and discussion of this subject aie gnen in vaiioua books on statistics > 


PnOCEDUPE rOK r^ALVLlSIS OF VaRI VNCE 

In carrying out an analysis of variance one staits with a table of values shoving the 
appaient effects of the seieial \aiiablcs The stops to be earned through aie listed 
below Tables 5 to 7 illustiate the calculations on a sample pioblem Proceduies for 
different foims of analjsis of xaiiance arc explained m vaiious books on statistics -V^i 

rVx Ex:,xmi>le of Analisis of Variance 

Table 5 gives the losses in yield strength of machined tensile =pocimons of an alloy 
exposed by the same test method as m the picxious example"'' The dati aie hub- 
duidecl by blocks, sheets, and specimens The blocks wcio gioups of foui sheets held 
2 in apait and ciucnched simultaneously aftei the heat tieatinent Then the specimens 
verc cut out and exposed to the coiro'ion te't. 

Poi this exiiiiple the caipes of lanance analyzed arc clifTcrcnccs among blocks 
quenched at different time', difference among the four po'itions, top to bottom, in 

~ R V rmher, Thr Dc'n jn of CxprntTunts, OJiver ximl Ro\(I, I td , Txindon, 1042 
G \\ Snedecor, Iowa ‘^tale CoIIcrc 1010 

R \ T Metho h for lic-^^arch Worf^r^, Oh\rr and Bind, Ltd , I^ondon, 1044 

R H Mrarp C T dlon, and G G I Idrcdcc, Pro !m ft fino 44, (>10 (10411 
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Table 5 YIELD STRENGTH LOSSES IN PSI OF SPECIMENS EXPOSED TO 
SALT-HYDROGEN PEROXIDE SOLUTION BY ALTERNATE IMMERSION 



Grand Average 



STATISTICAL METHODS 


1093 


Tadle 6 


Yield Strength Losses in Excess of 3000 psi Expressed in 
Hundreds.* Data from Tabic 5. 

Squares of Corresponding 
Values and Sunis Given at 
the Lcftf 


Specimen 











Block 

Position 

Sheet 1 

Sheet 2 

Sheet 3 

Sheet 4 

Sum 






1 

1 

-11 

- 9 

-10 

- 0 


121 

81 

100 

30 



2 

- 9 

— 3 

—11 

+ 3 


81 

25 

121 

9 



3 

— 2 

- 9 

+ 2 

+13 


4 

81 

4 

109 



4 

-11 

-10 

+ 4 

+ 9 


121 

100 

10 

SI 



Sum 

-33 

-33 

-15 

• +19 

-02 

10S9 

10S9 

225 

301 

3844 

2 

1 

+22 

- 4 

+ 7 

+ 7 


4S4 

10 

49 

49 



2 

+ 1 

- 4 

0 

+ S 


1 

10 

0 

04 



3 

+ 2 

+ 1 

+ 2 

+ 0 


4 

1 

4 

30 



4 

- 2 

- 2 

— 2 

+ 2 


4 

4 

4 

4 



Sum 

+23 

- 9 

+ 7 

+23 

+44 

529 

SI 

49 

529 

1930 

3 

1 

- l' 

0 

- 3 

+ 4 


1 

0 

9 

10 



2 

— 5 

+ 5 

- 3 

+ 7 


25 

25 

9 

49 



3 

- 0 

+ 3 

+ 1 

4* 5 


30 

9 

1 

25 



4 

- 2 

0 

- 2 

0 


4 

0 

4 

0 



Sum 

-14 

4* S 

— 7 

+10 

+ 3 

190 

04 

49 

250 

9 

4 

1 

+ 8 

- 7 

+ 2 

+ 4 


04 

49 

4 

10 



2 

+ 1 

+14 

+ c 

+ 4 


1 

190 

30 

10 



3 

+ 0 

+ 15 

+ 0 

+ 3 


30 

223 

30 

9 



4 

+ 7 

+ 4 

- 2 

0 


49 

10 

4 

0 



Sum 

+22 

+20 

+12 

+11 

+71 

4S4 

070 

144 

121 

5041 

3 

1 

+ 2 

+ 7 

4- 7 

+11 


4 

49 

49 

121 



2 

+ 1 

+ 4 

+ 12 

_ 2 


1 

10 

144 

4 



3 

+ 5 

+ 7 

+ 2 

- 2 


25 

49 

4 

4 



4 

- 3 

+ 3 

+ 8 

+ 1 


9 

9 

04 

1 



Sum 

+ 5 

+21 

+29 

+ 8 

+03 

25 

441 

841 

01 

3909 

Sum for 












all Block 

1 





30 





000 


2 





27 





729 


3 





r^o 





3000 


4 





2 





4 


Sum 

+ 3 

+13 

+20 

4-77 

119 

9 

109 

070 

5929 14,101 

Outside sheets (1 and 4) 

Sum =* SO 






OIOO 



Inside shccia (2 and 3) Sum = 39 






152 

1 




Quantities Needed for Table 7 

All causes eum of squares = Sum of 80 values at riKht =? 3, ‘113 
Blocks sum of squares = 3844 + 1930 4* 9 + 3041 + 3909 = 14,799 
Specimen position sum of squares =9 4- 199 4* 079 4* 3020 = 3,233 
Sheet position sum of squares = (VlOO 4- 1321 = 7,921 

Square of fjrand sum *=11,101 

* In other words, a working Mean of 3000 psi 30 hundred p**! has been used. 

t These values are not totaled on this side of the table, that i^, 1060 is ( —33)- and not a sum of other 
\ .tlues. 
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Table 7 AJsALNSIS OF \ARIANCE DUE TO BLOCKS 
SPECIMEN POSITIONS AND SHEET POSITIONS 


Cause of I 
V anance 

(1) 

Sums of 
Squares 
of Total 

(2) 

Sample 

(3) 

I3n 

corrected 
Sum of 
‘Squares 

(4) 

1 

Corrected 
bum of 1 
Squares 

1 

(o) 

Degrees 

Free- 

(6) 

1 

Van 

1 

(7) 

Ratio 1 
of V an 

i 

(8) 

Ratio 1 
Ex 1 
pected 
Once la 
Twenty | 
(9) 

Cetmiated 
“tandard 
Denat on 

(10) 

All causes 

DIocks 

3 413 

14 00 

1 

16 

1 3 413 0 
' 924 9 

3 236 0 
749 0 

79 

4 

1 (40 9) 
1S7 

6 0 

2 50 

C 3 

Specimen 

5 233 

20 

‘*91 6o 

S4 6 

3 

28 2 

0 91 

2 74 


Sheet pos tions 

7 9"! 

40 

1 19S 0 

’1 0 

1 

21 0 

0 68 

3 98 


(Ssum) 

Error (re« due) 

14 161 

SO 

1 

' 177 0 

! 

2194 0 

71 

1 30 9 

1 0 


5 6 


C The mdiMdual \aluc» are all squared a» are the totals and subtotals (Table 6) 

This completes the work preliminarj to fortniag the table for the aoalj is of 

variance (Table 7) which lo made up as /ollowa 

(1) In column one are lifted all the causes of variance starting with ‘ total or 
the aum of all causes 

(2) Column two of Table 7 gives the «ums of the 'quares of the individual 
values and subtotal of the \anou& kinds The hnal number in column two 
Is the «quare of the grand «um of all the indn idual \ alue 

(3) The ample «i 2 es of the samples on which each line is based are Inted 
in column three of Table 7 and u.ed as divL.oro to get column four The 
sample ^izc of the grand sum is of cour e the total number of values in the 
whole te..t 

(4) To get column five of Table 7 the final number jn column four is then 
subtracted from each of the other numbers m that column This adju tment 
step removes the effect of the arbitrary choice of working mean If the mean 
of all the obcervations bad been ined as working mean this adjustment 
would have been zero 

(5) In column five the effects of all causes of variance are additive* Sub 
tracting all the accounted for items from the total (fir^t) item measures 
the effects unaccounted for or error 

(6) These effects in column five of Table 7 are made up each of an intensive and 
an extensiv e faeiur The extai iv e firctor is the aamlier of conipjnLuna' *?r 
decrees of freedom involved It is ordmanlj one lev? than the number of 
values compared This number is written m column =iv and divided into 
column five to give column «even The values in column «even are called 
variances The u-ual estimate of error variance is the variance found bj 
dmding the residue of column five bj the re idual degrees of freedom of 
column SIT 

(7) Since the variance® m column seven of Table 7 are independent m a 
probabihtj ®eme their ratios to the error variance are taken in column 
eight to be compared to v allies expected bj chance one time in twenty (9o% 
probab]]it>) as obtained from Table 8 or from similar tables for other 
probabilities 

• An -untonutiate paradox in nomenclature should be pointed out in the term artalum of larutoef 

T drtance* are defined aa the quantit 69 given in coltunn seven and are the quot ents after di' d ng tte 

adjusted sum of aquarea by the number of decrees of freedom Howeter the quant t es that are analyt o 

or additii e are in colomna five end gii. 
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Tabll S. VAHLVNCr: Il^VTIO* 
5% Points of Ratio 



Loucr 5% points arc found b> interclmni^c of «i and ri 2 , i c , 7U must ah\a>8 correspond uitli Hie rrcaler 

i«c vn pqu irc 


* Reprinted from R A Pishor an<l F Yates, •SMOi/icaf Tables for liioh({scal. Agricultural and ^frdlca^ 
Research, p JO, Olncr and Uojd, Ltd , London, 194 { 14% permis<»ion of tlic Author and Publisher. 


IXTEUPRETATIO-V OF TIIE E\ \MI>LE OF AN VLYbl.T OF VaRIAVCE 

The only statisticall.y significant cause of variance rev ealcd in the analj'.-is of tins 
jiarticiilar example appear' to bo the tlilTeicncej of the bloek= Its ratio of CO in 
lolunin eight i' the only one winch i-, largei than the value expected once in twenty 
by chance. In thi' ca'c, the value of the ratio expected liy ch incc i^ 2 50 (column 
nine). Quenching in clifTeicnt block' lias affected the rc.'i'tancc to corrosion The 
position of the slicel in the lilock h.cs made no consistent difference, although it v,a'- 
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thought that outer as opposed to inner sheets would be quenched at different rates 
and in advance th3c> cause was thought as htelj to cau'e a difference as difference 
between blocks If the interaction^ of \anous effects are to be included, as they 
frequently are, the analysis becomes a little more complicated 20 27 


LINEAR CORRELATION 

Correlation is a non random relation of one set of values with corresponding i alues 
from another set For example \alues measuring concentration and corrooion in 
sulfuric acid solutions are ordinarily correlated The linear or proportional part of 
the correlation la measured by the correlation coefficient here correlation 13 
curvulinear it may be only partly indicated by the correlation coefficient For example 
around a maximum m the curve of corro. iveneso of «u!furic acid linear correlation 
may not exi^t although the corranvene s does depend upon the concentration 
Correlation may be taken into account m an analysis of variance by including 
covanance28 27^ or correlation coefficients may be calculated 
A correlation coefficient between two quantities A and Y is defined m the following 
identical ways 


Siry/n XMx/fn — I) Zxy 

r or or , — 

StSy V S2*X?/* 

where s *= A — X and y = F — f Shorter methods of calculation are available 
developed in the manner of the method of the note at the end of the chapter 
The significance of a linear correlation coefficient depends on the sample cize Large 
samples gne more definite information Even a random distribution of data with no 
real correlation will gne a nonzero coefficient being smaller for a large sample 
From the number of pairs using tables that are availab]e2S'’Oso jt can be determined 
whether a correlation coefficient k> large enough so that it is improbable it is due 
to chance 


SIMPLE REGRESSION ANALYSIS 

Some corrosion data may be best analyzed by expressing the results as functions 
iha iest isriah^Ss la f.bs* lorai ^ eqasitoas !>a css more 

variables that is, dependence expre&sible by a plotted straight line 13 conveniently 
handled by the method of least square By the expression method of least squares 
Is meant that the unacounted for variance in the dependent variable is made as 
"mall as pojv-ible by the arrangement of the line \\ here the relationships are precise 
or where the highe^d; efficiency lo not required the vi ually bc»t straight lines mav 
be used For non linear relation hips, equations higher than fir't degree may be 
Uaed^i or methods may be u&ed^o m which the fitnesa of a viaually best line la 

G W Snedecor Slatisticol V/fMods, Iowa State College Press 1940 

R A Fisher Slafwdcal 1/rlAods Jor RnearA Workers Oluer and Boyd Ltd London 1944 
**R A Fuber and F Yaies SlaMteal TaUesfar BviXonneoX XgncuUvral and Medical Reuarch, p 30 
Oliver and Boyd Ltd London 1943 
*9 R. A Fisher loc cit 

®0Mordecai Erekiel Metk(xls of Correlatum Arudt/sis Second Edition John Wiley and Sons New York, 
1941 

»W Edtiards Deming Slalutical Adfustment of Data John Wiley and Sons New York 1943 
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verified by analj^zing its residual vaiiance, and if neccssarj' after taking into account 
other variables. 

For the two variables A' and 1’, if Y is a fimction of A' and the experimental errors 
being minimized are errors in Y, the constants a and b in the equation F = a + bX 
are given as follows: 

b = 'Lxy/Xx- ; a = Y — bX 

where x = X — X and y — Y — Y. 

The most convenient method of calculation of b is usually 

^ _ Xxy — XxXy/n 

~ - (Sx)Vn 

where, this time, x and y are deviations from rounded-off averages. With two 
independent variables the analj'sis becomes moie complicated. For more variables 
or for curvilinear relationships, books on statistics should be consulted.^i.ss 


CALCULATION SHORT CUTS 


The standard deviation is defined as one of the following identical quantities: 


W) 

(B) 



V 


71X- 


wherc x — X minus a convenient rounded-off mean value. 



In the straightforward method (A) the steps in getting the quantity under the radica 
sign are: (1) calculating the average A', (2) subtracting it from each value, and (3) 
adding them all up. Sec the left of Table 9. However, A' will ordinarily have several more 
decimal places than the individual %’alues of A', and squares will have still more. Those 
extra places cause considerable unnecessary work. Using fewer decimal places in the 
average will usually cause only a small error, and the error can be eliminated bj’ means 
of an adjustment. See equation B and the middle of Table 9. That is, any convenient 
number, usually a rounded-off average, may be taken from all values of X and an ad- 
justment made proportional to the square of the difference between this number and 
the average. 

In fact, if it is wished, no subtraction need be made and the original values may be 
used. See equation D and the right of Table 9. Equations B and C arc the re.sult of simple 
algebra, and their derivations from A will provide considerable insight into the meaning 
of the quantities involved. 

These same short cuts or similar ones also npplj' to calculation of other statistics, 
such as correlation coefficients, variances, and skewness. 

Monlccai EicUd, Mclhotls of Correlation AnnhjHs, Second Edition, Jolin Wjlej' and Son.", New York, 

1911. 
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Table 9 SEVERAL METHODS OF CALCULATING OR 5 




• yp 


’-yp. 



1 

1 

1 





X 






A 


pBl 


(Y -X)* 

hundred 

hundred | 

(X - 20)* 

hundred 

X* 


psi 



psi 

psi 


1900 

- 712 

O06 944 

19 

~1 



,101 

1900 

- 712 

0O6 944 

19 

— 1 




2 JOO 

- ol2 1 

262 144 

21 

t 1 




1900 

- 712 1 

506 944 1 

19 1 

-1 1 




2 400 

- 212 

44 344 

24 

4 

16 

24 


3 900 

+ 1 288 

1 608944 

39 

10 

361 



2 too 

- 512 

262 144 ; 

21 

1 

1 



2 100 

- 512 

262 144 1 

21 

1 

I 

21 


2000 

- 612 

374 M4 

20 

0 

0 

20 


3 200 

+■ 588 

34o 744 

32 

12 

144 

32 


3 300 

4- 688 

473 344 

33 

13 

169 

33 

1089 

2 SOO 

4- 188 

3o 344 

28 

8 

64 



2o00 

- 113 I 

12 544 

25 

5 




2 000 

■ - C12 j 

374 544 

20 

0 

0 1 

20 


3 400 

4- ?S8 

' 620 944 

34 

14 

196 j 

34 


4 300 

4* 688 1 

2 849 344 

43 

23 

529 1 

43 

1 699 

41 800 

912 1 

9 0j7o04 

1 418 

98 

1 olO 1 

418 

11 830 


Averase « 2 612 psi 
Sum of squares — 9 097 aOl 


98Vl6 - C002o 

Adjusted sum of squares 
l«00 - 60020 SOOT* 


418* IE - 10 920 2O 
Adjusted sum of equorea 
11830 109202S -9t»7o 



*1 s* X tt^nue a rouisdedoS mean 


-• 7 64 hundred psi 


DEFINITIONS OF TERMS USED IN THIS CHAPTER 

Assignable Causes are causes that lead to sigoificant variation If a suitable test for 
control indicates lack of control, the causes of the lack of control are called assign- 
able, because it is expected that the^ can be searched for tMth a reasonable (eco- 
nomic) chance of finding them 

Average and Mean In this chapter and in most use of statistics these two terms are 
used as sj’nonj'ms for the cooixooa arithmetic mean 

Bias An error or source of an error that does not tend to dimmish with larger and larger 
samples 

Control Controlled data, or data obtamed under conditions of statistical control, are 
data that contain no evidence of known or unknon n assignable causes for variation 
when tested statistically in sudi a way that causes would be expected to be re- 
vealed 

Covariance A joint variance of two quantities 

■ZjX -A)(y - Y) SXY - •ZXzYIn 


Covariance — 
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Degrees of Freedom. The number of degrees of freedom is the number of independent 
comparisons. In an ordinary sample it is one less than the number of values. Tims, 
wlien comparing two values, there is only one comparison. In comparing three 
values, A, B, and C, there are only two independent comparisons. Of the three 
comparisons, A vs. B, B vs. C, and C vs. A, whichever one is taken third, adds no 
information not already known from the other two. 

Error Variance. The variance not depending on a.ssigncd or assignable causes. 

Expected Standard Deviation in a Population Sampled. This quantity is also called the 
“Student” standard deviation, and is represented by the letter s, 

s = — A')V(» ~ 1), s = cr > 1 / {n — 1). 

It is a better estimate, from a sample, of the standard de\nation of the population 
from which the sample comes than the sample standard deviation. Both s and the 
standard deviation are included here since both are used in literature the corrosion 
engineer will use. In this literature the equations will sometimes have to be recog- 
nized bj' their forms since the nomenclature is not standardized. 

Kirrtosis. The flatness of a distribution. Even sjunmetrical distributions with the same 
standard deviations may differ in shape. A measure of kurtosis is 

_ ~ ~ 

“ n<A ~ (2:[A- - A]=;= 

Kurtosis and skewness are ordinarily u.scfullj' calculated only for large samples (at 
least 250). Their significances var 3 ' with the sample size.”-*' 

Probable Error. A name commonly used for 0.6745 times the standard deviation. See 
the section on ranges or confidence intervals. 

Skewness. The departure from symmetry' of a distribution. A me.asure of skewness is /;, 

_ ~ 

n<P "■ 2(A' - A')’'2 


Standard Deviation. The standard measure of the spread of a distribution. It is ordinarily' 
somewhat larger than the average of the deviations from the average. It is defined 
as the square root of the average of the squares of the deviation from the moan and 
is represented bj' the small Greek letter cr (sigma); thus, cr = V2:(A' — X)~/n, 
where A' is in turn each of the values of a sample or group of values, X is the mean 
of the values, n is the number of values, and S (capital sigma) means that all the 
quantities are added together. See also the calculation short cuts on p. 1097. 

Variance. While it is used for v.ariabilitj' in general, the term variance refers specifically 
to quantities which are sums of squares of deviations divided by' the number of 
degrees of freedom. For example, in one sample 


or in two samples 


2 (A’ - A')= 
Variance = «- : — > 


Variance = «- = 


2(A', - A',)= + 2fA'. - A':)= 


ni 


n* — 2 


(See the footnote in the text under the discussion of analysis of variance.) 

^ A. Shewhart, CcanoTiiic Canlrol of Qxuilily of itnnufnrliirnl Products, D. Van Xo«tranil Co., New 
Vork, lO.'il 

^ It. .\. rclior, ,StntidiniI .I/t.'tmtr for Ht^corcl, WorJrrs, Oliver and Itoyd. I. id,, I.oridon, 1914. 
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ILLUSTRATIONS OF TYPICAL FORMS OF CORROSION 

R. F. Steahn* 



Fig. 1. Pitting of Passive Alloy Exposed to Sea Water. Xj-s- Note Contact Corrosion 
(Crevice Corrosion) Produced under Washers (Not Shown) at Two idaco.s of Support. (Cour- 
tesy of F.L. LaQue.) 



Fio. 2. Concentration of Corrosion in a Liidor's Line Pattern around a Weld Bead on Scaled 
Steel Exposed to Salt Water. X Js- (Courtesy of Paul Fficld.) 

* Research Laboratorj’, The Iniernalional Nickel Co., Bayonne, N. J. 

1203 









Fio. 6. Tuborculution on tlic Iii«ido of a Steel Water Muin after 50 Years of Scrv'ico. (Cour- 
tesy of J. E. Garratt) 









Fjg.S. Deposit Attack (Contact Corrosion) of Condenser T^jbe. (Courtesj'of C. A. Gleason). 
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Fig 9A Longitudinal Cross Section of Undei-Cut Pits Associ itcd with Impuigcnient Attack 
by Salt Water Flow of Solution from Left to Higlit X”. 



Fig 9B Appearance of Surface of Condcnsci Tube Exposed to InipiiiKomont Attack by 
Salt Water. Flow of Solution from Left to Right. X 1 . (Courtesy of F. L LaQuo ) 
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Fio llA nattened P ece of Brass Pipe Subject to Lajer Tj-pe Dezincification (Cour 
teay of H L Shuldener) Appro* XI 



Fio IIB ^ect oa of Brass Pipe That Has SufTe ed Plug Dez ncificat on (66% Cu 
33 5 % Zd) Approx X 1 (Courteaj of H L Burghoff ) 



Fig 1‘’A Tj'pical TranscrjstalUnc Fic 12B Tj’P'cal IntergraniJai Season 

'Reason CrackiBg Hard Drawn Tube Cracking Specimen ‘stored One Year X45 

after Alternate Immers on m 15 (Courtesy of C B Bulow ) 

NH«OH for 24 Hours XI25 
(Courtesy of C L Bulow ) 
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Fig. 13. Undor-Film Coirosion on Lacquered Tin Can Section after Exposuio to Indoor 

Atmosphere. XI. 



Fjo. 14. High-Toniperuturc Intergianular Attack of Xickcl by Sulfur. XIOO. (Courtesy 

of E. N. Skinner.) 
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CHARACTERISTICS OF SEA WATER 
Alfred C. Redfield* 

DEFINITIONS 

The proportions of the major constituents of natural sea water obtained from the 
open oceans are veiy uniform, the ratio of water to total salt content being the 
principal variant. iMan.y properties of sea water can consequently bo determined 
from tables if the total salt content and the temperature are defined. The qu.antity 
of any constituent may be estimated if the chlorinity (defined below) of a sample is 
measured. (See Tables 1 and 2.) 


Table 1. THE MAJOR CONSTITUENTS OF SEA WATER* 
Chlorinitj’ = 19.00 O/OOf 


Ion 

Parts per 
Million 

Equivalents 
per Million 

Parts per Million 
per Unit Clilorinit.v 

Chloride, Cl 

18,9S0 0 


998 90 

Sulfate, SOi 

2,049.0 


139.40 

Bicarbonate, HCOa~ 

139.7 


7.35 

Bromine, Br 

64.0 

O.S 

3.40 

Fluoride, F~ 

1.3 

0.1 

0.07 

Boric acid, H 3 BO 3 

26.0 

....X 

1.37 

Total 


593.0 


Sodium, Na"'' 

10,550 1 

159.0 

555.00 

Magnesium, Mg"*^ 

1,272.0 

104.0 

06.95 

Calcium, Ca"*^ 

400.1 

1 20.0 

21.00 

Potassium, 

3S0.0 

1 9.7 

20.00 

Strontium, Sr++ 

13 3 

0.3 

0.70 

Total 


1 593.6 



• H. U. Sverdrup, M. W. Johnson, and R. H. FlcminK, The Oceans, Prentice-Hall, Inc., 
New York, 1942. J. Ljanan and R. H. Fleming, J. Marine Research, 3, 134-14G, 1940. 

t O/ 00 is used to denote gram.s per kilogram or parts per tliousand. 

t Uudissociated at usual pH. 

The total salt content of sea water is frequently expressed as salinity. Salinity is 
defined as the total amount of solid material in gram.s contained in one kilogram of 
sea water when all carbonate ha.« been converted to oxide, the bromine and iodine 
replaced by chlorine, and all organic matter i-^ completely o.xidized. 

Because of the convenience of chlorine analysis by titration with silver nitrate, 
pol.a.ssium dichromate being used as an indicator, the salt content of sea water is 
frequently expressed a.s chlorinity. Chlorinity is defined approximately as the total 
amount of chlorine, bromine, and iodine in grams contained in one kilogram of sea 
water, assuming that the bromine and the iodine have been replaced by chlorine. 
Since this definition depends upon the accepted value.s of atomic weights, which 
have changed since the definition was e.=tablished by an international commi.=sion, 
in exact oceanographic work chlorinity is established by comparison with a .standard 
“Normal Water” now prepared at the Woods Hole Oceanographic Institution. 

• Woods Hole Occnnocmphic Institution, Woods Holt*, Mass., und Han'ard University, Camhridc^*, 
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OsiioTic Pressure OPo 

It may be estimated from tbe freezing point depression A®/ (Table 5) by the 
equation 

OPo *= l208Ad/ 


Table 5 PROPERTIES OF SEA TVATER OF DIFFERENT SALINITY* 


Saluut y 0 /OO 

Freesing 
Point *C 

Temperature 
of hlazuDum 
Density ®C 

Osmotic 

Pressure 

Atmospheres 

I Specific Heat 

0 

0 00 

3 95 

0 

1 00 

5 1 

-0 27 

2 93 

3 23 

0 98‘> 

10 

-0 53 

1 £6 

6 44 

1 0 96S 

15 1 

—0 80 

0 'Y 

9 69 

0 953 

20 ' 

-1 0 

-0 31 

12 9S 

1 0 9ol 

25 

-1 35 

~1 40 

16 32 

0 945 

SO 1 

-1 63 

-2 47 

19 67 

1 0 939 

S5 

-1 91 

-3 52 

23 12 

0 932 

40 j 

20 

-4 £i4 

26 59 

' 0 926 


*\ N Subow Oecanoaraphicai Tahiti 20$ pp Moscow 1931 T O Thompson The 
Physical Properties of Sea ^ ater BM b5 Physics of the Earth. V Oceanography p 63 
National Research Counal of the National Academy of Sciences ttoshington 1932 


The 0 motic pressure at an> temperature ^ la giten by 

OP-Onx2||-® (2) 

The Oomotic preS-ure of natural sea water i> of the order of 20 atmo-'pheres 
\ \P0R Pressure 

The %apor pressure e of sea water of anj cblonnity maj be estimated from the 
\ apor prea-ure of dj«tilled water to bj the equation 


- - 1 — 0 00969 X chlonmty (3) 

eg 

Roughlj speaking the \apor prceoure is reduced 01% per I 0/00 chlorimtj The 
\apoT pr^ure of natural «ea water is about 2% lower than that of fresh water 


Electrical CkiNDUcrivixY 

For a rough working rule the renidante of natural "ea water maj be taken as one 
ohm per foot cubed Exact \aiue9 of the •specific conductance of «ea water as a 
function of temperature and cbIormit> are gi' en in Table 6 
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Table 6. SPECIFIC CONDUCTANCE OF SEA WATER AS A FUNCTION OF 
TEMPEIUVTURE AND CIILORINITY* 


Conductance in reciprocal ohin-ccntimetcrs 


Chlorinity, 
Parts per Thousand 

Temperature, °C 

0 

5 

10 

15 

1 

20 

25 

1 

0.0018.39 

0 0021.34 

0 002439 

0 002703 

0 003091 

0 003431 

2 

0 003550 

0 001125 

0 004714 

0 005338 

0.005971 

0 000028 

3 

0 005187 

0 006010 

0 000872 

0.00777S 1 

0 008702 

0 009058 

4 

0 00675S 

0 007815 

0 008958 

0 010133 

0 011.337 

0 012583 

0 

0 008327 

0 009053 

0 011019 

0 012459 

0 013939 

0 01.5471 

0 

0.009878 

0 0114-14 

0 013003 

0 014758 

0.010512 

0 018321 

7 

0 011404 

0 013203 

0 015009 

0 017015 

0 019035 

0.021121 

8 

0 012905 

0 014934 

0 017042 

0 019235 

0 021514 

0 023808 

9 

0 014388 

0 010041 

0.018980 

0 021423 

0 023957 

0 020573 

10 

0 015852 

0 018329 

0 020906 

0 023584 

0 020307 

0 029242 

11 

0 017304 

0 020000 

0 022804 

0 025722 ■ 

0 028749 

0 031879 

12 

0 018741 

0 021055 

0.024084 

0 027841 

0 031109 

0 034489 

13 

0 020107 

0 023297 

0 020548 

0 029940 

0 033447 

0 037075 

14 

0 021585 

0 024929 

0 028397 

0 032024 

0 035705 

0 0.39038 

15 

0 022993 

0 020548 

0 030231 

0 0.34090 

0 038005 

0 0-12180 

10 

0 024393 

0 028150 

0 032050 

0 030138 

0 040345 

0.044701 

17 

0 025783 

0 029753 

0 033855 

0.038108 

0 012000 

0 047201 

18 

0.027102 

0 031330 

0 035044 

0 0-10170 

0 014844 

0 049077 

19 

0 028530 

0 032903 

0 037415 

0 042158 

0 047058 

0 052127 

20 

0 029885 

0 034454 

0 039107 

0 044114 

0 019248 

0.054551 

21 

0 031227 

0 035989 

0 0-10900 

0 010014 

0 051414 

0 050949 

22 

0 032550 

0 037508 

0 042014 

0 047948 

0 053550 

0.059321 


* B. D. Thomas, T. G. Thompson, and C. L. Utterback, J. du conscil, 9, 28-35 (1934). 


CHEMICAL PROPERTIES RELATED TO CHLORINITY 
Solubility of Gases 

The concentration of a gas dissolved in a liquid is directly proportional to the 
partial pre.=suie of the gas in the .‘■aturaling gas phase. Table 7 gives the coefficients 
of .saturation of oxa’gen, nitrogen, and carbon dioxide in sea water at different 
temperature.s and chlorinities. The coefficient,' arc defined as the concentrations of 
gas in equilibrium with one atmasidicie (7C0 mm) of the pure gas. The values for 
carbon dioxide repre-'cnt the amount of free COe and IleCOa dis.solvcd and do not 
include considerable quantities of CO 2 prc.«ent as bicarbonate. 

The composition of the normal atmosphere with which surface waters are approxi- 
mately saturated is given in Table S. 
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Table 7 COEFFICIENTS OF SATURATION OP ATMOSPHERIC GASES IN WATER* 


Concentrations of Oxjgen, Nitrogen and Carbon Dioxide in Equilibrium with 1 Atmosphere 
(760 mm) of Designated Gas 


Gas 

Ch]orinit>. 

0/00 


Concentration 


Milliliters 
per Liter 

Parts per 
Million 

Oxjgen 

0 

0 

49 2t 

70 4 



12 

36 8 

52 5 



24 

29 4 

42 1 


16 

0 

40 1 

56 0 



12 

30 6 

42 9 



24 

24 S 

34 8 


20 

0 

38 0 

52 8 



12 

29 1 

40 4 



24 

23 6 

32 9 

Nitrogen 

0 

0 

23 Ot 

28 8 



12 

17 8 

22 7 



24 

14 6 

18 3 


16 

0 

15 0 

18 4 



12 

11 0 

14 2 



24 

9 36 

11 5 


20 

0 

14 2 

17 3 



12 

11 0 

13 4 



24 

8 06 

10 9 

Carbon dioxidet 

0 

0 

1715t 

3370 



12 

1118 

2193 



24 

782 

1541 


16 

0 

1489 

2860 



12 

980 

1888 



24 

695 

1342 


20 

0 

1433 

2746 



12 

947 

1814 



24 

677 

1299 


• Calculated from data in H U Sverdrup, M W Johnson, and R H Fleming The Oceant, 
Prentice-Hall, Inc , New York, 1942 

t These values differ slightly from those given in Table 12. p 1146, for fresh water 
} Includes COj pre«ent as HjCO* but not as HCO**~ or COj 

Atmospheric gases are present ra ocean water m approximately the following 
quantities 


0*>gen 
>.itrogea 
Carbon dioxide* 

Hebum and neon 


ilHltbUrt per titer 


O- 9 
8-lS 
33-o6 
02-04 
17 XUT* 


• Ineludes COj present aa HiCOi HCOi and COi . 

t Estimated u bebum. 


Parte per miHwn 
0- 12 
10- 18 
64-107 
04-07 

03 X i(r*t 
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Hydrogen eulficle is normally absent but may reach concentrations of 22 ml per 
liter or 33 ppm under exceptional conditions. 


Table 8. COMPOSITION OF NORMAL ATMOSPHERE* 


Gas 

Volume or Pressure, % 

Partial Pres.surc, mm llg, 

1 atm Total Pressure 

Nitrogen 

78.03 

593.02 

O.xygcn 

20.99 

159.52 

Argon 

0.94 

7.144 

Carbon dioxide 

0.03 

0.228 

Hydrogen, neon, helium 

0 01 

0.088 


100.00 

7G0.000 


* From H. U. Sverdrup, M. W. Johnson and R. H. Fleming, T)ic Oceans, Prcntico-IIull, 
Inc., New York, 1942. 


Table 9 gives the quantity of ox 3 'gen dissolved in sea water at different temperatures 
and chlorinities when in equilibrium with a normal atmosphere saturated with water 
vapor. It thus represents the condition approached by the surface water when 
biological activitv' is not excessive. 


Table 9. OXYGEN DISSOL^^D IN SEA WATER IN EQUILIBRIUM WITH A 
NORMAL ATMOSPHERE (700 MM) OF AIR SATURATED WITH 

WATER VAPOR* 


Parts per Million 


Chlorinity 0 /OO 
Salinity 0 /OO 

0 

0 

5 

9.06 

10 

18.08 

15 

27.11 

20 

30.11 

Temperature °C 

0 

14.G2t 

13.70 

■1 

11.89 

11.00 

5 

12.79 

12.02 


10.49 

9.74 

10 

11.32 

10. 6G 

masm 

9.37 

8.72 

15 

10. IG 

9.C7 

9.02 

8. 40 

7.92 

20 

9.19 

8.70 

8.21 

7.77 

7.23 

25 

8.39 

7.93 

7.48 


G 57 

30 

7.G7 

7.25 

G.SO 


5 37 


* Based on data of C. J. J. Fox, Conseil permanent international pour rexidoration do la 
mcr, Copenhagen, Publication dc circonslancc 41 (1907). 

t The values for solubility in water of zero chlorinity differ slightly from those given in 
Table 12, p. 1140, for fresh water. 

Detailed tables on the solubility of nitrogen in sea water are available.^ " 

Alkalintty 

In oceanographic chemistn,', alkalinity is defined as the number of millicquivalents 
of hydrogen ions necessarj- to combine with the ions of weak acids in a quantitj’ of 

* C. J. J. Fax, Con«eil permanent international pour Fcxploratinn de la mcr. Copenhagen. Publication de 
circoii^tnnrr 41 (1907). 

* X. \V. Ilake^traw and V. M, Eniincl, J. Phys. Chem., 42, 1211 (193S). 
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■water which at 20" C has a \olume of one liter Thua it represents approximatelj the 
concentration of bicarbonate and carbonate ion* present 
The alkalinitj of ocean water is related faiily closely to chlonnitj bj the expres>.ion 
Alkalinity 0 120 X chlonnitj X P-'o 

where pn > k. the dea.ih of the water at 20" C Departures from, this ratio are n uaU> 
attributed to changes in the calcium carbonate content of sea water such a* re ult 
from biological actnitj or the dilution of «ea water with rner water rich in calcium 
carbonate Alkahnitj maj al o be lued aa an inde-x of pollution bj acid or basic 
materials There are sei eral methodo of determining alkalmitj 3 4 *> 

Htdroge\ Ion Concentilstion 

Owing to the excess of strong ba ic ions pure sea water is slightlj alkaline The 
pH of 'ei water m equilibrium with the air laries between 8 1 and 83 The remoial 
of carbon dioxide b\ photosjnthelic proces es of marine plants increases the pH 
somewhat an exceptional limiting ^alue observed being as great as 97 The 
decomposition of organic matter in water removed from the influence of the atmo' 

1 here decreases the pH "Values as low are observed at certain deptln in the 

Pacific where decomposition has alroo t entircl> removed the dissolved oxjgen In 
'tagnant ba«ins where large amounU of H S arc prevent the pH ma> approach 70 
The carbonates con-litute the principal buffer 'vstem ol eea water Bone acid 
to a! o present m «mall amounts (043 mg moleo/liter) bit is almost comploteh 
undtosociated at commonlj exuting pH The buffer capacitj of eea water to equal 
to the alKahmty t^hen strong ba e is added magnesium h>drate is precipitated at 
pH vahiea between 10 and 11 'md higher pH values are not obtained until the 
considerable quantitj of magnCviuro pre ent is exliausted Calcium is precipitated 
in a similar wa> at higher pH values 

There are tables giv mg the pH and total CO content of 'ea water in equilibrium 
with vanoito prcv ures of CO» at different temperatures and chlonmtie ^ 


Solubility or Salts 

Becau e of the influence of other ions upon the activitv of a given ion the 
solubility product of salts in distilled water cannot be applied to sea water The 
solubility products of «ev eral salt® in distilled water and in eea water of eihmty 
3o 0/00 at 20" C are compared m Table 10 

The solubility product of calcium carbonate given m Table 10 is less than the 
product of the concentration of calcium and carbonate ion. in natural sea water 
(270 X 10^® at pH 83) which mdicates that sea water is supersaturated in respect 
to this «alt Bccau e some uncertainty e-xista in the matter the original studies should 
be consulted ® ^ 


* D M Greenberg E G Moberg and F C Allen Ind Eng Chm Anal Ed. 4 309 (1932) 

* P H M tchell and V W Rakestran Btd Bull *5 4J7 (1933) 

Gnppenberg Internal onal Afleoc alion of Pta>-Bcal Oceanography (A« 80 ciat on d OclanoBiapb « 
phys qne Ln on Goodes e et G^ophjs que Internationale Rappo I el proefs vrrbnl No 2 p 150 Liverpool 
(1937) ,, 

* K Buck H W ITarvey H 'W attenberg and S Gr ppenberg Lber daa Kohlensa ireajatem in Meer* 
wasser Conseil permanent ntemational poiirl ciidorat on de la mer Rappyrt el proas^erbol 79 (1932) 

* H. Wattenberg and F Tiramerroann Ann Ilydrog u Mar Meteor 64 23 31 (1936) and K Irr 
Meereeforschung 2 81-94 (1938) 

* R Revelle and R H Fleming F'fth Pac fie *knent fic Congress Canada 1933 Proe 3 2089 200 
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Table 10. SOLUBILITY PRODUCTS OF CERTAIN SALTS IN DISTILLED IVATER 
AND IN SEA WATER OF SALINITY 35 0/00 AT 20’ C* 


Salt 

Distilled Water 

Sea Water 

CaCOj 

0.5 X 10-® 

50 X 10-* 

MgCOa • 3 H 2 O 

0.1 X io-‘ 

3.1 X 10-^ 

SrCOs 

0.3 X 10-“ 

500 X 10"’ 

Mg(OH)2 

1 X 10-“ 

5 X 10-“ 


♦From PI. U. Sverdrup, M. W. Johnson, and R. II. FloniinK, The Oceans, Pronticc-PIall, 
Inc., New York, 1942. 


Calcium carbonate becomes less soluble under conditions which iucrea.se the 
temperature or pH. of sea water. Calcium and magnesium carbonate.s and hydroxide.-; 
are precipitated on cathodic surfaces, as in cathodic protection and in galvanic 
couples, as the result of induced increases in the ionic products at the electrode. 

The presence of calcium and magne.sium introduces special difiiculties when sea 
water is treated with many substances owing to the tendency of these ions to form 
relatively insoluble compounds. 


CHEMICAL SUBSTANCES INFLUENCED BY ORGANIC ACTIVITY 


A number of substances present in sea water are absorbed by growing plants and 
arc sot free by the decomposition of org.anic matter. Their concentrations arc 
consequently widely variable and are related to the seasonable cycle of biological 
activity. Pollution with domestic sewage or organic rv.astes, and the resulting bacterial 
actirdty, increases the concentration of these materials in sea water. 

The growth of marine plants may almost completely remove the phosphate.^ and 
nitrates from sea water during the late spring and summer. The silicate concentration 
may be greatly reduced, and because of the absorption of CO2 in photosynthe.sis, the 
pH is increased slightl5'. Photosynthesis may produce sufiicient oxygon to increase 
the oxTgen content in the subsurface water 10 to 20% above the saturation value. 
During the fall and winter in the .surface layers of the sea, processes of decomposition 
predominate, higher values of nitrate, pho.=phate, and silicon are to be expected, and 
the oxygen content of the water is very nearly in equilibrium with the air. 

In deep water this is also true at .all se.asons except that the o.xygen content i.s 
reduced by the oxidation of organic matter and falls below the saturation value. 

In tropical waters the seasonal cycle i.s le.s.s pronounced, and the surface water.' 
remain depleted of phosphate and nitrate throughout the year. 

The range in concentration of the various inorganic forms of nitrogen and of 
phosphate phosphorus to be encountered in natural (unpolluted) sea water are: 


Nitrogen as NO3 
Nitrogen as NO2 
Nitrogen as NH.-j 
Phosphorus as PO-i 


0.001 -O.G ppm 
0.0001-0.05 ppm 
0,005 -0.05 ppm 
0.001 -0.10 ppm 


Pollution with domestic sewage or organic w.astes increases the concentration of 
organic derivatives, i.e., nitrogen compounds and phosphate.?, in the sea water, and 
m.ay result in a marked deficiency in the o.xwgen content. If the pollution i.? .sufiiciently 
intense to result in anaerobic conditions, the activity of bacteria may rc.^ult in the 
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production of hjdrogen sulfide consequent to the reduction of •nilfates Conditions 
of this lund occur commonlj in the muds of polluted regions where organic debris 
tends to accumuhte 

In the decomposition of nitrogenous matter ammonia is liberated initially It is 
fir t oxidized to n (rite and <iub equentlj to nitrate The presence of unusual quanti 
tiea of ammonia and nitrite may consequently be taken as signs of recent active 
pollution 


^ATER OF estuaries 

The di ohed =olida of ruer water differ in composition from those of ^ea water 
(Table 11) Coa^equentlj nhere waters mixed with considerable quantities of 
river water the concentration of \anous constituents cannot be estimated preciselj 


Table U PERCENTAGE COMPOSITION OP DISSOLVED SOLIDS 
IN SEA RATER AND RIV'ER WATER* 


Substance 

Sea Water 

River 
Water 
Weighted 1 
Average 

Mts issippt 
Rner 

Columbia 

Rner 

Colorado 
Rn er 

CO,— 

0 41 (HCO, ) 

35 15 

34 98 

36 15 

13 0“’ 

SO — 

- 6S 

12 14 

15 37 

13 o'* 

28 61 

Cl 

55 04 

5 OS 

6 21 1 

2 S'* 

19 9*’ 

NO, 


0 00 

1 CO 

0 49 


Ca«- 

1 15 

20 39 

20 50 

17 87 

10 3a 

Mg++ 

3 69 

3 41 

5 38 

4 38 

3 14 


30 e-’ 

5 "9 

8 33 

8 12 

19 75 

K+ 

1 10 

2 12 


1 9a 

2 17 

(Fe ^)sO, 


2 72 

0 58 

0 08 


SO, 

1 0 31 j 

11 67 

7 05 

14 62 

3 01 

«r-^n,BO, Br- 






Salt content ppm 

So 000 


166 

S'* 4 

70‘> 


*H U S\erdrup R Johnson aod R H Fleming The Oceans Prentice-Hall Inc 
NewVork 1942 F W Clarke V S Geological Survey Bull 770 5th Ed S41 pp (Rah 
ington D C 1924) 


from the chlonnits Rner water is usualb relatuely richer in calcium carbonate 
m particular and al o in magnesium potassium sulfate iron and silicon It is for 
this rea on that the “alinitj of «ea water is not exactly proportional to the chlonnitj 
as «hDwn bj relation 1 (p 1113) In harbors and e tuarics the proportions of the 
constitvients maj be further duturbed by pollution R hen this is of domestic origin 
or contains organic wastes the f endencj is toward a decrease in oxj gen content and 
pH and an locrea e in mtiogenous compounds particularly ammonia and of sulfur 
as sulfide 

R here tix er water mixes with sea water there is frequently a tendency for stratifica 
tion to deielop the freeh water flowmg out mer the «a]t water which lies at greater 
depth Under such circumstances exarmnation of samples collected from the surface 
will gne incomplete information and marked changes m salinity may accompany 
the tidal cy cle 
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ARTIFICI^VL SEA IVATER 

For experimental work where the physical properties of sea water, such as osmotic 
pressure or electiical conductn ity, are at i-^uc a 3-W/c solution of sodium chloride may 
be used. Wheie the action of tlie watci to be examined is of a cliemical natuic a more 
exact reproduction of sea water is dcsiiable, depending upon the nature of the 
problem. Foimulas for aitificial sea water aic given in Table 12. Preparations of 
natural sea salt may also be employed. 

Table 12. FORMUL.VS FOR ARTIFICIAL SEA WATER 
Chlorinity = 19 00 0 /OO 

Naval iVircraft Factorj’’ Process Specification P.S-1 for synthetic .sea wafer, for use in te--tinK 
corrosion-resisting steel tubing (Navy Department Specification ‘HT27b, dated July 1, 1910), 
is as follows: 

Stock Solution 

Potassium chloride 10 grams 

Potassium bromide ‘lo gi.ams 

Magnesium chloride 550 grams 

Calcium chloride 110 grams 

Sterile distilled watei to make 1 liter 

This stock solution is used with other chemicals to make the sjTithctic sea water us follows; 
Sodium chloride — NaCl 2,3 giams 

Sodium sulfate — Na2S04 • lOH'O & grams 

Stock solution 20 ml 

Sterile distilled water to make 1 liter 

Other recommended compositions arc ns follows; 


McClendon ct al (1917)* 


grams /kg 


Brujewicz (Subow, 1931)t LjTn.an and Fleming (1910) 


NaCl 

MgCb 

MgS 04 

CnClo 

KCl 

NaHCOs 

NaBr 

H 3 BO 3 

Nn;Si 03 

Na;Si403 

H3P04 

.MiClf, 

NH3 

LiNOj 


26.720 
2.260 
3.248 
1.153 
0.721 
0.198 
0.058 
0.058 
0.0024 
0.0015 
0.0002 
0.013 
0 002 
0.0013 


NaCl 

MgCk 

MgSO, 

CaCls 

KCl 

NallCOs 

NaBr 


giams /kg 


20 518 

2 447 

3 305 
1.141 
0.725 
0.202 
0.083 



CaCb 

KCl 

NallC 03 
KBr 
H3BO3 
Si Cl: 
NaF 


Total; 34.4400 31.421 31 481 

Water to: 1,000.0000 1,000.000 1,000.000 


* J. F. McClendon, C. C. Gault, and S. Mulholland, Carnegie Institution of Washington, 
Publication 251 (Papers from Dept, of Marine Biologj’), PP- 21-00 (1917). 

t N. N. Subow, Oceanographical Tabhs, U. S. S. R. Oceanographic Institute llydro- 
Meteoral Corn. 208 pp. Moscow, 1931. 

I J. Lyman and R. H. Fleming, J. Marine Research, 3, 134-140 (1940). 
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It «hould not be a^-umed that the results of corrosion tests m anj synthetic sea 
natcr ma> be applied directh to an eatimation of the performance of materials under 
natural conditions of e\pcouTC to sea rvatcr 

GE\ER\L REFEKENCES 

The Determination of Chlonmtj bj t>e Knudeen Method a translation of Chloruration par la Methods 
de Knudaen bj \I Oiner and a reprint of M>drosrapbical Tables by \I Knudsen tloodsHoU 
Oceano^aphic Inatitution l\oods Hole 1946 

IIariet H M RtctntAdx<ineesinth*CKttM3iTj<iHdBuAogyefSfaWater The Uniiereity Press Cambndge 
1945 

Phjscs of the Earth — t Oceanography ^«at>oDal Research Coiineil of the National Academy of 
Sciences Washington Bull So (1932) 

SvERDBcl' HD MW Johnson and R. II PLEriiNC TheOceam Therr Phones Chtmulry andGentral 
Riofoffy, Prentice-Hall Inc New iLorl 1942 


HIGH TEMPERATURE EQUILIBRIA FOR OXIDATION 
AND CARBURIZATION OP IRON 
J B Austin* 

The data pre ented in Fig^ 1 to 3 «how the larntion ^ith temperature of the 
equilibrium comtant for each of the four reactiona chiefl> responsible for the 
ONidation carburization or decarbiirization of iron or eteel at eleiated temperature, 
name]} 


Fe + n^O - FeO Hs 

K =» pH -/pH 0 

(1) 

Fe + CO- - FeO + CO 

A = pCO/pCO 

(2) 

Fe3C + CO.-.3Fe + 2CO 

A — p2CO/pCOj 

(3) 

3Fe + CH* = FejC + 2H- 

A - p2H-/pCH4 

(4) 


The Constanta are gnen m terms of the partial pre «ure of each gat that is, the 
total prca-sure multiplied tA the Nolume fraction (not weight percentage) of the gas 
in question For example in a gas mixture containing 45% CO 15% CO 2 , and 40% IN" 
at a total prcsv-ure of one atmo-pherc the paitial pre».ure of CO is 0 45 that of 
CO 2 is 015 

The curies pre ented in the «e\eral figures enable one to predict the wa} in which 
a mixture containing CU ancf Cl !?2 or H 2 ana' H^O tena’s to react with iron or rrtm 
ONide (The} do not indicate the rate at which this tcndenc} ma} be followed,) As 
an illu-tration for the gas mixture described above the ratio pCO/pCOj is 045/015 
or 3 Figure 1 «hows that this ratio is equal to the equilibrium constant at 1130° C 
(206a° F) , hence at this temperature this mixture inert to iron or iron oxide, at a 
higher temperature it cannot reduce iron oxide and tends to oxidize iron, and at a 
lower temperature it tends to reduce iron oxide and cannot oxidize iron 
To a'certam whether this mixture tends to carburize or to decarbunze steel at 
800° C the ' alue of the equilibrium constant for reaction 3 is computed , it is 
p^CO/pCOo — (O45)V0 15 — 1,35 Figure 2 shows that at 800° C (1470° F) this 
gas Is decarbunzmg toward «teel of anj carbon content A ratio of 6 instead of 135 
would indicate ('ee Fig 2) that at SOO" C (1470° F) the gas mixture tends to decar- 
burize 'teel containing le « than 08% carbon and to carburize steel containing a 
higher concentration of carbon 

• Research Laboratory U S Steel Corporsbon, Kearny X J 



EQUILIBRIUM CONSTANT K 


OXIDATJOX AXD CARBURIZATIOX EQUILIBRIA FOR IROX 112.1 


*>F 

1000 1200 1400 1600 1800 2000 



Fig, I. Chart Illuhtratins; the Variation with Temperature of the Iviuilibriuin Constant 
the Itcaction Ixitwcen Iron and Wafer \*apor or Carlxin Dioxide. 









































OXIDATION AND CARBURIZATION EQUILIBRIA FOR IRON 1125 


“F 



TEMPERATURE, "C 

Fia. 3. Equilibrium Constants for the Reaction 3Fe + CH4 = FesC + 2H2, as a Function 
of Temperatuie and Carbon Content. 


The use of these charts for mixtures of hydrogen and methane (Fig. 3) is analogous 
to that for carbon monoxide and carbon dioxide. 

Note that at high temperatures the o.xide which first forms is FeO, and if the 
partial pressure of oxj'gen is low this is the only oxide that forms. At somewhat 
higher oxygen pressures a layer of Fe 304 forms on top of FeO, and at still higher 
pressures a laj'or of FeaO.^ forms over Fe 304 . 

Below about 600° C (1100° F) FeO is unstable and decomposes into iron and FeaO^ 
so that high-temperature scales on iron examined at room temperatures show only 
iron, Fe 304 and possibly FejOa. 
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Table 1. PHYSICAL CONSTANTS OF THE ELEMENTS 


Element 

Sym- 

bol 

Atomic 

Weight 

(1941) 

Density, 
grams/ cc 
(20 °C) 

Melting 

Point, 

"G 

Boiling 

Point, 

"C at 

1 atm 

Specific 
Heat, gram 
cal /gram /° 
C. Room 
Tempera- 
ture 

(lS°-25° C) 

Heat of 
Fusion, 
gram cal / 
giam 

atom 

Actinium 

Ac 

227 






Aluminum 

A1 

26.97 • 

2.70 

660.2 

2057 

0.2259 

2500 

Antimony 

Sb 

121.76 

6.62 

630.5 

1440 

0.0493 

4770 

Argon 

A 

39.944 

1.663 X 10-3 

-189.3 

-185.8 

0.1252 

290 

Arsenic 

As 

74.91 

5.73 

814 

610 

0.0822 

6620 

Barium 

Ba 

137.36 

3.5 

704 

1638 

i 

0.06S0 

1400 

Beryllium 

Be 

9.02 

1.85 

1284 

2780 

0.425 

3092 

Bismuth 

Bi 

209.00 

9.80 

271.0 

1450 

0.0290 

2505 

Boron 

B 

10. S2 

2.3 

2300 

2550 

0.3091 


Bromine 

Br 

79.916 

3.12 

-7.2 

58.0 

0.0703 

2580 

Cadmium 

Cd 

112.41 

8.65 

320.9 

766 

0.0547 

1460 

Calcium 

Ca 

40.08 

1.55 

850 

1487 

0.157 

2230 

Carbon 

C 

12.010 

2.22 

3600 

4830 

0.165 

11000 

Cerium 

Ce 

1140.13 

6.9 

780 

1400 

0.05 

2120 

Cesium 

Cs 

'l32.91 

1.9 

28.4 

690 

0.0521 

500 

Chlorine 

Cl 

35.457 


-101.0 

- 34.1 

0.226 

1531 

Chromium 

Cr 

52.01 

7.14 

1550 

2482 

0.12 

3930 

Cobalt 

Co 

58.94 

8.9 

1490 

2906 

0.0989 

3660 

Columbium 

Cb 

92.91 

8.57 

1950 

3300 



Copper 

Cu 

63.57 

8.94 

1083 

2595 

0.0918 

3110 

Dysprosium 

Dy 

162.46 

— 





Erbium 

Er 

167.2 






Europium 

Eu 

152.0 






Fluorine 

F 

19.00 


—223 

-188.2 



Gadolinium 

Gd 

156.9 






Gallium 

Ga 

69.72 

5.91 

29.8 

2071 

0.0788 

1330 

Germanium 

Ge 

72.60 

5.36 

959 

2700 

0.0733 

8300 

Gold 

Au 

197.2 

19.3 

1063 . 0 

2970 

0.0308 

3030 

Hafnium 

Hf 

178.6 

11.4 

1700 

5390 



Helium 

He 

4.003 

0.1664 X 10-3 

-271.4 

-268.4 

1.25 


Holmium 

Ho 

104.94 






Hydrogen 

H 

1.0080 

1 0.08375 X 10-3 

-259.2 

— 252.7 

3.415 

28 

Indium 

In 

114.76 

7.31 

156.4 

1450 

0.0568 

781 

Iodine 

I 

126.92 

4.93 

113.0 

183.0 

0.0523 

3650 

Iridium 

Ir 

193.1 

22.4 

2409 

4910 

0.0322 


Iron 

Fe 

55.85 

7.87 

1535 

3000 

0.1075 

3560 

Erjiiton 

Kr 

83.7 


— 157 

-152.9 


360 






1128 


MISCELLANEOUS INFORMATION 


Table 1 PHYSICAL CONSTANTS OF THE ELEMENTS — Coniinucd 


Element 

Sym 

bol 

Atomic 
V> eight 
(1941) 

Density 

grams/cc 

(20*0 

Meltini 

Point 

‘C 

, Boiling 
Point 
“C at 

1 atm 

Specific 

Heat 

gram cal / 
gram/°C 
Room Tem 
perature 
(18°-25'’ C) 

Heat of 
fusion 
gram cal / 
gram 
atom 

Lanthanum 

La 

138 8J 

6 15 

826 

1780 

0 0446 


Lead 

Pb 

207 21 

11 34 

327 4 

1744 

0 030 

1224 

Lithium 

Li 

G 940 

0 S3 

186 

1372 

0 79 

1100 

Lutecium 

Lu 

174 99 






Magnesium 

Mg 

24 32 

1 74 

651 

1109 

0 249 

2160 

Manganese 

Mn 

54 93 

7 44 

1242 

2151 

0 107 

3450 

Mercury 

Hg 

200 61 

13 55 

-38 0 

357 

0 0332 

557 

Molybdenum 

Mo 

95 95 

10 2 

2622 

4800 

0 0647 

6660 

N eodymium 

Nd 

144 27 

7 05 

840 


0 447 


Neon 

Ne 

20 183 

0 8387 X I0-* 

-248 5 

-246 0 


77 

Nickel 

1 Ni 

58 69 

8 9 

1452 

2900 

0 112 

4200 

Nitrogen 

! N 

14 008 

1 1649 X 10-« 

-210 0 

-195 8 

0 247 

172 

Osmium 

Os 

100 2 

22 5 

2700 

5400 

0 031 


Oxygen 

0 

16 0000 

1 3318 X lCr» 

-118 9 

- 183 0 

0 2184 

106 

Palladium 

Pd 

106 7 

12 0 

1554 

3980 

0 0587 

4120 

Phosphorus 

P 

30 98 

1 82 

44 2 

280 

0 177 

615 

Platinum 

Pt 

lOo 23 

21 4$ 

1773 

4300 

0 0319 

4700 

Potassium 

K 

39 006 

0 86 

63 5 

776 

0 177 

574 

Praeseodymium 

Pr 

140 92 

6 63 

940 


0 458 

2700 

Protactinium 

Pa 

231 






Hadium 

Ra 

226 05 

5 0 

960 

1140 



Radon 

Rn 

222 


-71 

-61 8 




Re 

ISG 31 

20 

3000 

5870 

0 0346 



Rh 

102 91 

12 44 

1966 

4500 

0 0598 



Kb 

85 48 

1 53 

39 i 

€79 

0 0802 

525 

Ruthenium 

Ru 

101 7 

12 2 

2450 

4900 

0 061 


Samarium 

Sm 

150 43 

7 7 

1300 





Sc 

45 10 

2 5 

1200 

2430 




Se 

78 90 

4 81 

217 

753 

0 084 

1220 


Si 

28 06 

2 4 

1427 

2290 

0 1762 

9470 



107 8S0 

10 5 

960 5 

2212 

0 0558 



Na 

22 997 

0 97 

97 7 

892 

0 295 

630 


Sr 

87 63 

2 6 

770 

1384 


2190 

Sulfur 

S 

32 06 

2 07 

112 8 

444 6 

0 175 



Ta 

180 88 

16 6 

2850 

5870 

0 0356 



Te 

127 61 

6 24 

453 

1090 

0 0468 



Tb 

159 2 






Thorium 

Th 

232 12 

11 5 


6200 



Thulium 

Tm 
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Table 1. PHYSICAL CONSTANTS OF THE ELEMENTS — Continwcd 








Specific 







Boiling 

Heat, 

Heat of 


Sym- 

Atomic 

Density, 

Melting 

gram cal / 

fusion. 

Element 

Weight 

grams/ cc 

Point, 

Point, 

gram /°C, 

gram cal / 


bol 

(1941) 

(20°C) 

"C 

C ilL 

Room Tern- 

gram 






1 atm 

perature 

(18‘’-25°C) 

atom 

Tin 

Sn 

118.70 

7.30 

231.8 


0.054 

1720 

Titanium 

Ti 

47.90 

4.5 

1800 

M sn 

0.142 


Tungsten 

W 

183.92 

19.3 

3390 

BaSSSW 

0.034 

8400 

Thallium 

Tl 

204.39 

11.85 

302.5 

1457 

0.0311 

1030 

Uranium 

U 

238.07 

18.7 

1150 

3500 

0.0276 

— 

Vanadium 

V 

50.95 

5.68 

1710 

3000 

0.1153 

— 

Xenon 

Xe 

131.3 

5.495 X 10- 

“3 

— 111.5 

-108.0 


740 

Ytterbium 

Yb 

173.04 


.... 



• . * • 

Yttrium 

Y 

88.92 

5.51 

1480 

4600 


— 

Zinc 

Zn 

65.38 

7.14 

419.5 

907 

0.09 

1595 

Zirconium 

Zr 

91.22 

6.4 

1700 

5050 

0.066 


Element 

Heat of Vaporization, 
gram cal /gram atom 

Resistivity, 
microhm-cm. 
Room Temperature 

Linear Coefficient 
Thermal Expanson 
per °C, Room Temper- 
ature (18°-25° C) 

Actinium 








Aluminum 


61,020 

2.655 

24 X 10-“ 

Antimony 


46,670 

39 


11.29 

Argon 



1,690 

. . . 

. 

... 


Arsenic 


31,000 

35 


3.86 

Barium 


36,670 





Beryllium 


1 

. • • • 

18.5 


12.3 


Bismuth 



> • • • 

115 


13.45 

Boron 



, , , , 

1.8X10“ 

2 


Bromine 



7,420 

... 

• 


• 

Cadmium 


23,870 

7.59 


29.8 


Calcium 


36,580 

4.6 


25 


Carbon 



. . . . 

1000 


1.2 


Cerium 




78 




Cesium 


16,320 

20 


97 


Chlorine 

Chromium 



4,878 

13.1 

• 

8.1 


Cobalt 



. . . . 

9.7 


12.08 

Columbiun 




20 


7.2 


Copper 


72,810 ; 

1.682 

10.42 

Dysprosium 
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Table 1 PHYSICU. CONSTANTS OF THE ELEMENTS — Confinued 


Element 

Heat of 1 aporuation 
gram cal /grant atom 

Re istivity 
' microhm-cm 
Room Temperature 

Linear Coeffie ent 
Thermal Espaa. on 
per °C Room Teoipe 
ature (1S° 20° C) 

Erbium 



X lO-' 

Europium 




Fluorine 

1 640 



GadolmiuTO 




GaUium 


a" 1 

18 3 

Germanium 




Gold 

81 600 

0 40 

14 4 

Hafnium 




Helium 

2‘> 



Holnuum 




Hj drosen 

216 



Indium 

1 

9 

' 33 

Iodine 

10 390 

1 3 X 10* 

93 

Irid um 


6 OS 

1 6 41 

Iron 

84 600 

9 b 

11 9 

Krypton 

2 310 


1 

Lantiianum 


a9 



4'> 000 

0 6S 

29 5 

Lithium 

30 ojO 

S 5 

S6 

L.utecium 




Magnesium 

3'> 5'’0 

4 46 

2a 7 

Mangane e 

00 loO 



Alercurj 

13 9S0 

90 8 


Molybdenum 

l'*S000 

4 -7 

5 49 

Neodymium 


9 



440 



NicLel 

S7 300 



N itrogen 

1 336 



O’mium 


9 

5 "O 

Oiy geu 

1 (,'•9 





10 

11 60 


12S’*0 




107 000 1 



Potassium 

18 9'»0 



Prae eodymium 


S8 


Protactmium 








Radon 
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Table 1. PHYSICAL CONSTANTS OF THE ELEMENTS — Coniinued 


Element 

Heat of Vaporization, 
gram cal /gram atom 

Resistivity, 
microhm-cm. 
Room Temperature 

Linear Coefficient 
Thermal Expansion 
per °C, Room Temper- 
ature (18°-25° C) 

Rhenium 


21 

12.5 X 10-« 

Rhodium 


4.93 

8.9 

Rubidium 

18,110 

12.5 

90.0 

Ruthenium 


10 

8.5 

Samarium 




Scandium 




Selenium 

25,490 

12 

37 

Silicon 


85 X 10’ 


Silver 


1.62 

18.9 

Sodium 


4.6 

71 

Strontium 

33,610 


.... 

Sulfur 

20,200 

1,9 X 10'' 

67.48 

Tantalum 


15.5 

6.5 

Tellurium 



16.8 

Terbium 

• « • • 

» .... 

.... 

Thorium 

< « < • 

18 

12,3 

Thulium 



. . • « 

Tin 

68,000 

11 5 

22.4 

Titanium 



7.14 

Tungsten 

176,000 

5 48 

4.0 

Thallium 

38,810 

18.1 

28.0 

Uranium 

— 

60 

.... 

Vanadium 

— 

26 

.... 

Xenon 

3,110 

— 

.... 

Ytterbium 




Yttrium 

— 

— 


Zinc 

27,430 

6.2 

32.5 

Zirconium 


41 

6.3 
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Table 2 MISCELLAN"EODS PHYSICAL CONSTANTS* 


Conatanl 


Sym&of 

Valu^ 

Standard atmospbere 


Ao 

I 0132a X 10* dyne cm"* 

Standard atmospliere (Lat 45*) 

Au 

1 01320 X 10* dyne cm"* 

Liter (1000 ml) 


1 

1000 028 cm* 

Joule eciuivalent 


Ju 

4 1855 Absolute joules cal s"* 

Ice point 


n 

273 16* K 

Velocity of light 


c 

2 09776 X 10“ cm «ec » 

Electronic charge 


e~ 

4 80 X 10"“ Absolute e s u 

Electron volt 



1 602 X l0-« ergs 

Electron voU 



23t>a2c:^i} mole'^ 

paradaj s constant 


F 

96 501 International coulomb gram<qui\ 

Volume of ideal gas (0* C 

Ao) 

Ve 

22 4140 bier atm mole"* 

Volume of ideal gas (0* C 

Aii) 

V*' 

22 4151 liter atm mole ^ 

K\ ogadro s number 


No 

6 0228 X 10** mole"* 

Gas constant 


Bo 

8 3144 X 10* erg deg * mole" 

Gas constant 


B/ 

1 9865 call* deg”* mole * 

Gas constant 


Bi 

8 20^ X 10"* bter atm deg"* mole* 

Boltzmann s constant 


k 

1 3S0o X 10 ** erg deg"* 

Planck s constant 


h 

6 624 X 10"** erg sec 


*R T Birge Rm 'Modem Phys 13 233 (IMl) 
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Table 4 ELECTROMOTIVE FORCE SERIES* 


Electrode ReacHon 

K = K+ + e~ 

Ca = Ca++ 4- 2e' 
Na = + e 

Mg = Mg++ 4- 2e~ 

Be = Be++ 4- Se" 

A1 = A1+++ 4- Se" 
Mu “ 4- 26~ 

Zn = Zn*+ 4- 2e' 
Cr = C*+*+ 4- 3«“ 
Ga = Ga+** 4 - 3c 

Fe = Fe++ 4- 2e'' 
Cd - C<i*+ 4- Sc' 
In - In^ 4- Ze" 
T1 - Tl^ 4- e~ 

Co - Co-”- 4- 2e' 

Ni - Ni** + 2e" 
Sn - Sn-H- 4- 2c“ 
Pb = Pb-” 4- 2«" 
H, = 2H+ 4- 2€~ 
Cu = Cu++- 4- Se" 

Cu = Cu+ 4- c" 

2Hg = He*-” 4- 2c 
Ag = Ag-^ 4- e 
Pd = Pd-” 4- 2f 
Hg = Hg”- + 2«r 

Pt = Pt”^ 4- sr _ 
Au = Au"”* 4- de 

Au = Au-*- 4- e~ 


Standard Electrode 
Potential, E® {volte), 25* C 
—2 922 
-2 87 
—2 712 
-2 34 
~1 70 

-1 67 
-I 05 
-0 762 
-0 71 
-0 62 

-0 440 
-0 402 
-0 340 
-0 336 
-0 277 

-0 250 
-0 136 
-0 126 
0 000 
0 345 

0 522 
0 799 
0 800 
0 83 

0 854 

ra 1 2 

1 42 
1 6S 


Signs of potential emplo>ed by the Araencan niem Soc 


opposite to those of thb table 
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Table 5. STANDARD OXIDATION-REDUCTION POTENTIALS AT 25'’C*,t4 
Couple Eo 

Cr++ = Cr-^ -H e“ _ —0.41 

Pb -t- SO 4 = PbS04 + 2 e - 0.355 

Pb-t-2Cl =PbCl 2 +_ 2 e -0.26S 

Cr + Cu = CuCl + e 0.124 

H 2 S = S -t- 2H+ -1- 2e 0.141 

Sn++ = Sn++++ -b 2e~ 0 15 

Cu+ = C_u++ -1- _ 0.167 

Ag -p Cl = AgCl + fi _ 0 . 222 

2IIg + 2C1 =^Hg2Cl2 + 2c 0.268 

re_(CN)G = Fe (CN)6 +e 0.36 

2I“=l2 + 2e 0.535 

2Hg -f SO 4 = Hg 2 SO_ 4 ^ -p 2e~ 0.615 

H 2 O 2 = 02-1- 2H+J-1- 2e 0 . 682 

Fe++ =i re+++ -|- e~ 0.771 

2 H 2 O = O 2 -b 4H+(1^^M) -f 4e 0 815 

Lrg2^ = 2Sg^ + Ptf 0.^10 

HNO 2 + H 2 O = NOa" + 3H+ + 26“ 0 94 

NOJ- H 2 O = HN02_-1- H+ -f- e“ 0.99 

2Br = Bra (1) + 2e _ 1 , 065 

2 H 2 O = O 2 -b 4H+ -b 4e 1 229 

T1+ = T1+++ -b 2e“ 1.25 

Mn++ -b 2 H 2 O = MnOa -b 4H+ -b 2e~ 1 . 28 

Au+ = Au+++ -b 2e ca 1 . 29 

Cr=J^Cl2 + c“ 1.358 

2Cr+-w- -b 7 H 2 O = CraO? -b 14H+ -b Ge" 1 35 

Pb++ -b 2 H 2 O = Pb02 -b 4H+ -b 26“ 1 456 

Cr -b H 2 O = HCIO -b H+ -b 26“ 1 49 

Mn-H- = Mn+++ -b c I’si 

"b 4 H 2 O = Mn04 -b SH"*" -b 56 1 52 

Ce+++ = Ce++++ -b e“ 1 ' 6 i 

^012 -b H 2 O = H+ -b HCIO -b 6 “ 1 'es 

Mn02 -b 2 H 2 O = Mn04 -b 4II'*' -b 36 1 67 

PbS 04 -b 2 H 2 O = PbOa -b SO 4 -b 4H''‘ 26 ~ 1 685 

Pb++ = Pb++-M- -b 26“ 1 69 

Ni++ -b 2H2O = NiOa -b 4H+ -b 26“ 1 ' 75 

2H2O = H2O2 -b 2H+ -b 2e“ - ■ 77 

Co++ = Co+++ -b e“ j;84 

Ag+ = Ag++ -be j 98 

2 SO 4 = SaOi “b 2 e 2 05 

O 2 "b II 2 O = O 3 “b 211'^ "b 26 07 

H 2 O = 0(g) -b 2H+ -b 2e“ - 2 42 

2P =F;-b2e 2.85 

Mg -b 20H“ = Mg(OH )2 -b 26 “ -2.67 

Al “f“ 40H = H 2 AIO 3 "i" H 2 O “f“ 3e _„2 35 


i SiKtus of potential employed by the American Chem. Soc. are' opposite to those of this table. 
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MISCELLANEOUS INFORMATION 
•. STANDAED OXID ^TION-REDUCTIOX POTENTIALS AT 2 .-;“ n. 
Couple 

A1 + 30H“_= A](OID, + 3c“ 

Mn + 20R = + 2e~ 

Zn + S =_ZnS -f- 2e~ 

Mn + CO3 = MnCO, + 2c~ 

Cr + 30H“ = Cr(OH), + 3«“ 

Zn + 20H~ = Zd(OH)» + 2e~ 

Cd + S _= CdS + 2e“ 

Zn + 40H_ = ZnO» + 2H,0 + 2e~ 

Cr + 40H = CrO, + 2H,0 + 3e~ 

Ni + S = NiS(-y) + 2e“ 

Zn + C^, = ZnCO, + 2e“ 

Fe + S = FeS + 2e“ 

Ph + S = PbS + 2«“ 

2Cu + S = Cu»S + 2e~ 

Co + S“ = CoS(a) + 2«~ 

Fe + SOH“ » Fe,0< + 4H»0 + Se~ 

Fe + 20H" » Fe(OH), + 2e~ 

+ 8” “ NiS(«) + 2«” 

H, + 20H“ « 2H:0 + 2«“ 

Cd + 20 ir - Cd(OH)» + 2e~ 

Cd + COi * CdCO, + 2«~ 

Sn + 30H“ - HSaOr + HiO + 2<“ 

Cu + S « CuS + 2«” 

Fe + COj”’*" « FeCOj + 2e“ 

Co + 20H'' = Co(OH), + 2«“ 


Fe + 30H~ = Fe(OH)* + 3« ca —0 73 

2Ag + S" « AesS + 2e” _0 71 

He + S _= HgS + 2e _0 70 

Ni + 20H_j= Ni(OH), + 2e- _0 66 

Co -{- COj = CoCOj + 2« _0 632 

S +60H“ = SOj +3H,0 + Ge“ -0 61 

Pb + 20H = PbO(r)+ H,0 + 2*" -0 578 

Fe(OH), + OH = Fe(OH), + _0 56 

Pb + 30I^_= HPbO, +H,0 4-2«“ -054 

Pb + COj = PbCO* + 2e _0 506 

Ni + COj = NiCO* + 2e~ —0 45 

Mn(OH)t+OH“ = Mn(OH)* + e~ —0 40 

2Cu + 20H~ = Cu»0 + H 2 O + 2e'~ —0 361 

2CN“ + Ag = A?(CN),” + «- _0 29 

Cu + 20H = Cu(OH)j + 2e —0 224 

Cr(OH), + 50H“= CrO« +4H,0 + 3«“ -0 12 

OH~ + HOi = 0* + HjO + 2e —0 076 

4NHs + Cu = Cu(NHj)*'*+ + 2e —0 05 

Cu + C03~ = CuCOj + 2e 0 053 

Hg + 20H“ = HgO(») + H*0 + 2« 0 098 


-2 31 
-1 47 
— 1 44 
-1 35 
-1 3 

-1 245 
-1 23 
-1 216 
-1 2 
-1 07 

-1 07 
-1 00 
-0 98 
~0 95 
“0 93 

-0 91 
-0 877 
-0 80 
-0 828 
-0 815 

“0 80 
~0 79 
-0 76 
-0 755 
-0 73 
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Table 5. STANDARD OXIDATION-REDUCTION POTENTIALS AT 25° C* f — Conf. 


Couple 

EP 

2Hg + 20H~ = HgzO + H 2 O + 26" 

0.123 

2Hg 4- CO 3 = HgjCOa -j- 2e _ 

0.32 

2Ag 4- 20H~ = AgjO 4- H 2 O -j- 2e 

0.344 

2NH3(Aq) 4- Ag = Ag(NH3)2'’' 4* * * § c 

0.373 

40H~ = 02 - 1 - 2 H 2 O 4- 4e 

0.401 

2Ag 4- Cr 04 = Ag 2 Cr 04 4- 2c 

0.446 

2 Ag 4- CO 3 = Ag 2 C 03 4“ 2 e 

0.47 

Ni(0H)2 4- 20H“ = NiOj 4- 2 H 2 O -P 2 e 

0.49 

Mn04 = Mn04 4- e 

0.54 

Mn02 4- 40H“ = Mn04“ 4- 2 H 2 O 4- 3e 

0.57 

Cr 4- 20H~ = CIO" 4- H 2 O 4- 2e~ 

0.94 

O 2 4- 20H = O 3 4- H 2 O 4- 2e 

1.24 


* W. M. Latimer, Oxidation Potentials, Prentice-Hail, Inc., New York, 1938. Note that the 
American Chemical Society uses a convention of sign opposite to that employed here, 
t For metal electrode potentials, refer also to Table 4, p. 1134. 


Table 6. STANDARD REFERENCE ELECTRODES 


E = Hao' + ^ t 
at 


Name 

CeU 

1 

(volts) 

Er>° 

(strong 

acids) 

Er° 

(buffers) 

dE 

dt 

(volts / 
deg. C) 

0.1 N calomel | 

Hg/Hg2Cl2/KCl(0.1 N) 

0.3337* 

0.3386t 

0.336 t 

-0.7 X 10-“ 

1.0 N calomel 

Hg/Hg2Cl2/KCl (1.0 A) 

0.2800* 

0.2848t 

0.282St 

-2.4 X 10-* 

Saturated calomel t 

Hg /Hg 2 Cl 2 /KCl (saturated) 

0.2415* 

0.245'[t 

0.2434t 

-7.6 X 10-“ 

Silver chloride 

Ag/AgCl/KCl (0.1 N) 

0.2881* 



-6.5 X 10-“ 

Copper sulfate 

CU/CUSO 4 /CUSO 4 (sat’d) 

0.316 



9.0 X 10-“ 


* The E values so marked are true values in that they do not include liquid junction poten- 
tials. 

t The E values so marked include an approximate value for the liquid junction potentials. 
See W. J. Hamer, Trans. Elcctrochem. Soc., 72, 62 (1937). 

t The E of this electrode is subject to pronounced hysteresis effects and should be used only 
at constant temperature. 

§ S. Ewing, The Copper-Copper Sulfate Half Cell for Measuring Potentials in the Earth, p. 10, 
Committee Report, American Gas Association, 1939. 
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Table 7. SOLUBILITY PRODUCT CONSTANTS AT 25° C 


Reaciton 

A1(0H)8 = Al-*-*^ + 30H“ 

A1(0H)8 = H+ + H,A10j~ 

Cd(OH)j = Cd++ + 20H“ 

CdS = Cd^ + S — 

CdCOa = Cd^ -f COi — 

Solubility Product 
1 9 X 10 -» 

4 X 10-*’ 

1 2 X 10-» 

1 4 X 10-«* 

2 5 X 10-1* 

Ca(QH)i = Ca^ + 20H~ 

CaCOj = Ca++ + COj — 

CaSOa 2HjO = Ca++ + SOj — + 2HiO 

Ca 3 (P 0 <)j = 3Ca+++ 2P0« 

CaHPOi = Ca-^ + HPO 4 — 

7 9 X 10-« 

4 82 X I0-»* 

2 4 X 10 » 

1 X 10-1* 
ca 5 X 10 -® 

CrCOH), = Cr-^ + 30H~ 

Cr(OH)i » H+ + CrOr + H,0 

Co(OH)a « Co++ + SOH’ 

CoCOj = Co++ + COs — 

KCusO + HHjO --01+ + OH" 

G 7 X 10-»* 

9 X 10-11 

2 X 10-is 

1 0 X 10"“ 

1 2 X 10 -» 

CujS = 2Cu+ + S — 

Cu(OH)j = Cu++ + 20H~ 

CuS » Cu++ + S — 

CuCOj » Cu-^ + C08 — 

Fe(0H)j « Fe++ + 20ir 

2 6 X 10 » 

5 6 X 10-» 

4 X 10-« 

1 37 X 10-1“ 

1 65 X 10-» 

FeCOs *= Fe-w- + COa — 

FeS - Fe++ + 8 — 

Fe(OH)j » Fe+^ + 30H“ 

Pb(0H)8 = Pb-^ + 20ir 

PbO(r) + HjO = Pb++ + 20H~ 

2 11 X 10-11 

1 X 10-1* 

4 X 10-” 

2 8 X 10-i» 

S 5 X 10-i» 

Pb(OH)j = H+ + HPbO,” 

PbO(y) + OH" = HPbO-" 

PbO(r) + OH" == HPbO," 

PbCli = Pb++ + 2 Cl" 

PbCOa = Pb++ + CO, 

2 1 X 10 1' 

5 31 X icr* 

4 03 X 10-* 

1 7 X 10-5 

1 5 X 10-i» 

PbS =- Pb++ + S — 

PbCrOa = Pb++ + CrO, 

PbSO< = Pb++ + SO 4 " 

PbOj + 2HjO = Pb-M- + 40n" 

Mg(OH)* = Mg-^ + 20H 

1 0 X itr'5 

1 8 X 10-1* 

1 8 X 10-* 

10 -** 

5 5 X 10-«* 

MgCOj • 3HaO = Mg++ + CO, + 30,0 
Mn(OH)j = Mti++ + 20ir 

MnCO, = Mn++ + CO," 

MnS = Md++ + S 

HgiO 4" HjO — Hgj"*^ + 20H" 

ca 1 X 10-** 

7 1 X lO-i-' 

8 8 X 10-“ 

5 6 X 10-1* 

1 0 X 10-** 

HgjCl, = Hgi++ + 2cr 

HgjCOj = Hg 2 ++ + CO^ " 

HgaSOi = Hgi'*^ + SO 4 " 

Hg S = Hga-^ + S _ 

HgO 4- HjO = Hg"*^ 4 - 20H 

1 1 X 10-1* 

9 X 10-“ 

6 2 X 10-1 

1 X 10 

1 7 X 10-*' 
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Table 7. SOLUBILITY PRODUCT CONSTANTS AT 25° C — Continued 


Reaction 

Solubility Product 

HgS = Hg++ + S 

3 X 10 -” 

Ni(OH )2 = Ni++ + 20H“ 

1 G X 10-“ 

NiCOa = Ni++ + CO 3 

1.36 X 10 -' 

NiS(a) = Ni++ + S 

3 X 10 -=i 

NiS(/3) = Ni-*-<- + S 

1 X 10 -=® 

NiS( 7 ) = Ni++ + S 

2 X 10-2® 

Pt(OH )2 = Pt++ + 20H" 

oa 1 X 10-2“ 

KAgoO + J^HsO = Ag+ + OH“ 

2.0 X 10 -® 

Agci = Ag+ + cr • 

1.7 X lO-w 

AgzS = 2 Ag+ + S 

1.0 X io-®i 

AgaCOa = 2Ag‘*' CO 3 

S.2 X 10-12 

Ag 2 S 04 = 2 Ag+ + SO 4 

1 . IS X 10 -® 

Sn(OH )2 = Sn++ + 20H“ 

•5 X 10 -^® 

H 2 Sn 02 = H+ + HSn 02 ~ 

6 X 10-1® 

SnS = Sn++ + S 

8 X 10-22 

Sn(OH )4 = Sn-M-++ + 40H“ 

ca 1 X 10-®® 

Sn(OH )4 + 20H~ = Sn(OH )6 

2 1 X 10-1 

Zn(OH )2 = Zn++ + 20H~ 

4.5 X 10-11 

ZnCOs = Zn++ + CO 3 

6 X 10-11 

ZnS = Zn++ + S 

4.5 X 10-21 


* For solubility product in sea water, sec Table 10, p. 1119. 
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TtBix S DISSOCIATION CONSTANTS 
Tieactum 

HjBOj - H+ + HjBOr 
HjCOj - H+ + HCOj 
HCO, == H+ + CO, 

HCOOH - H+ + HCOO 
HiCjO, * H+ + HCtOr 
HC,or « + C 2 O, “ 

HCN - 4- CN“ 

HCIO « n-^ 4- CIO' 

nCrOr - H+ 4- CrO« 

CrjO ■ 4- HjO - 2nCrOr 
UNO, - H*4- NO, 

NHiOtl - NH,+ 4- Oin 
lIjO - H+ + OU 
HjO, - H+ + HOO' 

H,P0, - H+ + n,POi 
H,Por - H+ 4- npo, ' 

HPO« — - n-^ 4* po, 

H «?j 0, - H+ 4- H«ia' 
nsior - 4- SiO, ' 

IIjS = H+ + HS- 
US” =» H+ 4- S ” 

H,SO, = 4- HSO,_ 

HSO," - H+ 4- SO,_ 

HSO« - H+ 4- SO, 

CHjCOOH = H+ 4- CH,COO 


OP T\EAK ELECTROLYTES AT 25* C 
A 

5 79 X 10 “ 

4 4a X 10-^ 

4 C9 X lO-u 

1 77 X 10 * 

5 9 X 10-* 

5 18 X 10-» 

4 X 10 w 

5 6X icr» 

3 2 X 10 

2 3 X 10^ 

4 5 X 10 « 

1 81 X 10 ‘ 

1 008 X 10- ^ 

2 4 X 10 “ 

7 52 X 10 > 

6 22 X 10-< 

1 X 10 “ 

1 X io-« 

1 X 10-“ 

1 15 X 10-» 

1 0 X 10 « 

1 72 X 10-* 

G 24 X 10 » 

1 01 X l(r» 

1 76 X lO-s 
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Table 9. DISSOCIATION CONSTANTS OF SOME WEAK ELECTROLYTES 
AS A FUNCTION OF TEMPERATURE 


Reaction 

Experimental 
Temperature Range, °C 

A 

B 

C 

H3BO3 = H-*- + HjBOj- 

5 to 50 

-2193.55 

3.0395 

-0.016499 

HC03“ = H-^ + CO3 

0 to 50 

-2902.39 

6.4980 

- 0 . 02.379 

HCOOH = H+ + HCOO 

0 to 60 

-1342.85 

5 . 2744 

-0.0151682 

HCsOr = H+ + C2O4 

0 to 50 

-1539.31 

7. 1966 

— 0.021200 

H2O = H+ + OH“ 

0 to 300 

-4470.99 

6.0875 

-0 017060 

H3PO4 = H+ + H 2 P 04 ~ 

0 to 50 

-1264.51 

7.6601 

-0 018590 

H2PO4 = H-*- + HPO4 

5 to 50 

-1648 88 

3 2542 

-0.016534 

CH3COOH = H-t- + CH3COO 

0 to 60 

1 

-1170.48 

3 . 1049 

-0.013399 


The constants A, B, and C, on being inserted in the equation 

logioK + R + CT 


■will give IT as a function of T, -where T = deg. Kehdn (dog. C + 273.1°). From H. S. Harned 
and B. B. Owen, The Physical Chemistry of Electrolytic Solutions, American Chemical Society 
Monograph 95, Reinhold Publishing Corp., New Yoik, 1943. 


<°C 

;H 2 C 03 = H+ + HCO 3 * 
K 

HS 04 ~ = H-^ + SO 4 t 
K 

t°C 

NH 4 OH = 

OH" + NH4+t 
K 

0 

2.647 X 10 '^ 

.... 

18 

1.72 

X io-» 

5 

3.040 X 10 "^ 

1.80 X 10-2 

25 

1.81 

X 10 -^ 

10 

3 430 X 10 -^ 

.... 

51 

1.81 

X lO-ii 

15 

3.802 X 10 -^ 

1.36 X 10-2 

75.2 

1.64 

X 10-ii 

20 

4.147 X 10-’ 



1.35 

X 10-5 

25 

4.452 X 10 '^ 

1.01 X 10-2 

124.8 

1.04 

X 10-5 

30 

4.710 X 10-7 


156 

0 63 

X 10-5 

35 

4 914 X 10-7 

0.76 X 10-2 

218 

0 18 

X 10-5 

40 

5 058 X 10-7 



0.0093 X 10-6 

45 

5 . 139 X 10-7 

0.50 X 10-2 




50 

5 . 161 X 10-7 





55 


0.41 X 10-2 





*H. S. Harned and R. Da^^s, Jr., J. Am. Chem. Soc., 65, 2030 (1943). 
t H. S. Harned and B. B. Owen, The Physical Chemistry of Electrolytic Solutions, Amoiican 
Chemical Society Monograph 95, Roinhold Publishing Corp., New York, 1943. 

X A. Noyes and Y. Kato, Carncyie Insl., Publ. 63, 17b (1907). R. B. Sosmun, op. cit., p. 228 
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Table lO SPONTVNEITV OF COMMON CORROSION REACTIONS* 


Metal 

Sohd 

Produett 

Hy drogen Typet 
Corrosion p ll* = 1 0 atm 

L AF per gram atom 

(\oIt) Metal gram cal 

Oxygen Type§ 
Corrosion p O2 = 0 21 atm 

E AP per gram atom 

(i olt) Metal grara cal 

Mg 

Mg(OH). 

+1 823 

—SI 000 

+3 042 

-140 000 


<’) 

+1 48 

—10^ coo 

+2 70 

-ISO 700 

Mn 

Mii(OII). 

+0 60 

-2'' 600 

+ 1 81 

-83 200 


Mn(On)a 

+0 2o6 

—17 700 

+1 50 

-10 000 


MnOj 

-0 14 

+12 700 

+ 1 11 

-101000 

Cr 

Cr(OH), 

+0 47 

—32 500 

+1 69 

— 117 000 

Zn 

^n(OH), (*) ' 

+0 417 

—19 200 

+ 1 636 

-75 200 

Fe 

FojOi 

+0 0S2 

-5000 

+ 1 30 

-SO 000 


Fc(0}Dt ' 

+0 049 

-2 300 ' 

+1 27 

-SS 500 


Fc(OH), 

-0 07 

+4 70) 

+1 15 

-SO 000 

Cd 

Cd(on) j 

-0 013 

+0)0 

+ 1 1206 

-55 600 

Co 

Co(on). 

-0 098 

+4 500 

+ 1 12 

-51 "00 

Ni 

Ni(OH), 

-0 17 

+7 800 

+ 1 05 

-48 oOO 

Pb 

PbOCred) 

-0 2o0 

+ 11 500 

+0 97 

—44 600 

Cu 

CuiO 

,-0 413 

+9^ 

+0 SO 

-18 600 


Cu(OH). 

-0 004 

+27 600 

+0 G15 

-28 300 


CuO 

-0 537 

+24 800 

+0 cso 

-31 500 

He 

HeO 

-0 9‘’G 

+42 600 

+0 293 

-13 6Q0 


HgO 

-0 9*1 

+21 970 

+0 26S 

— 6 200 

Ag 

AgiO 

172 

+27 000 

+0 047 

-1 100 


*R BrOMi B Roetheli and II Forrest Jnd Eng Cfem 23 3o0 (1931) probably were 
the first in\cstic3toi s to it tempt a 'ununarj of this type They aUo Uacd the terms Hydrogen 
Type and Oxygen Type in the same eense (ef definitions below) For a more detailed discu= ion 
of the e data see J C "W arcer Frans Eleclrochem Soe 83 319 (1943) 

t Except when the formula is followed by f’) the data are quite certainly for the formation 
of the solid corrosion product as indicated The formulas gi\ en do not in any case attempt to 
indicate the extent of hj dratiou of the solid phase 

J The data in the column under Hydrogen Type Corrosion are for reactions of the type 

lf(s) + 2H.O(0 = M(OH)t(s) + Hi(p 1 atm) 
or M(s) + H,O(0 - MO(s) + Ht (ff 1 atm.) 

where 5 = 'obd I = liquid and g = gas 
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The potentials given are the reversible potentials for the galvanic corrosion cells, in which 
the anode and cathode reactions add up to the overall corrosion reactions, thus: 

Anode; Zn(s) + 20H = Zn(OH) 2 (s) + 2c 

Cathode: 2H20(Z) -|- 2c = 20H + 1 atm.) 

Total: Zn(s) + 2H20{i) + Zn(OH) 2 (s) + HAo, 1 atm.) 

A positive value for E or a. negative value for AF corresponds to a spontaneous reaction. This 
follows the convention 

AF = —nFE 


where F = Faraday (96,501 coulombs), E = emf, and n i= number of electrons (equivalents) 
taking part in the reaction. 

§ In the columns under “Oxygen-Type Corrosion” the data are for reactions of the tyj.e 
il/(s) -h H20(i) + MOAo, P = 0.21 atm.) = M(OH) 2 (s) 
or M(s) -f- J^02(fl, p = 0.21 atm.) = MO(s) 

The data have been calculated for these reactions with O 2 at a partial pressure of 0.21 
atmosphere because this is approximately the partial pressure of O 2 in dry air under a total 
pressure of one atmosphere. 
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Table 11 VALUES OF HYDROGEN OVERVOLTAGE 


A Interrupter Alcthod* 


Material 

0\er>ohage (i{dts at 16“ C ±1“ m 1 V HCl) 

■ 

C D -iS®. 
sq cm 

KT* 

10"* 

iir>^ 

1 


Afercurj 

1 04 

1 15 

1 21 

I 24 


Cadmium 

0 99 

1 20 

1 25 

1 23 


Leadf 

0 91 

1 24 

1 26 

1 22 


Tin 

0 85 

0 98 

0 99 

0 98 


Bismuth 

0 69 

0 83 

0 91 

1 01 


Lead 

0 67 

0 97 

1 12 

1 08 


Copper 

0 60 

0 7o 

0 83 

0 84 


Aluminnra 

0 58 

0 71 

0 74 

0 78 


Coppert 

0 50 

0 62 

0 74 

0 80 


S3> er 

0 46 

0 66 

0 76 



ChroQuum 



0 67 

0 77 


Iron 

0 40 

0 53 

0 64 

0 77 


Nickel 

0 33 

0 42 

0 51 

0 59 


Tungsten 

0 27 

0 30 

0 47 

0 54 


Platinumt 

0 2o 

0 35 

0 40 

0 40 


Goldt 

0 17 

0 25 

0 32 

0 42 


Flatinuzn 

0 09 

0 39 

0 50 

0 44 


Rhodium 

0 OS 

0 22 

0 33 

0 34 


Platinum (platinized) 

0 01 

0 03 

0 Oo 

0 07 


Carbon (filament) 

0 95 

1 13 

1 16 

1 17 


Carbon (graphite) 

0 47 

0 76 

0 99 

1 03 


Carbon (arc) 

0 27 

0 34 

0 41 

0 41 

_ 


* The*e values were obtained using an electronic interrupter For details see A Hiekling 
and F W Salt Trans Faraday Soc 33 1540 (1937) 36 1226 (1940) 37, 333 (1941) The 
\ oltages obtained are presumed to be essentially free from IR drop and concentration polariza- 
tion They should not be u*ed for any steady state calraJation unless appropriate corrections 
are made for the«e two effects 

t Specunens were in the form of electrodeposited films on copper except for copper which 
was deposited on silver 
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Table 11. VALUES OP HYDROGEN OVERVOLTAGE — Confinwed 
B. Direct Methodt 


Material Overvolta-o (volts at 25° C in 2 V H 2 SO 4 


' ^ -r-v amp 

C. D. 10-3 JO-2 10-1 

1 


sq cm 


Cadmium 

0.98 

1.13 

1.22 

1.25 

Mercury 

0.90 

1.04 

1.07 

1.12 

Tin 

0.86 

1.08 

1.22 

1.23 

Bismuth 

0.78 

1.05 

1.14 

1.23 

Zinc 

0.72 

0.75 

1.06 

1.23 

Graphite 

0.60 

0.78 

0.98 

1.22 

Aluminum 

0.56 

0.83 

1.0 

1.29 

Nickel 

0.56 

0.75 

1.05 

' 1.21 

Lead 

0.52 

1.09 

1.18 

1.26 

Brass 

0.50 

0.65 

0.91 

1.25 

Copper 

0.48 

0.58 

0.8 

1.25 

Silver 

0.47 

0.76 

0.88 

1.09 

Iron 

0.40 

0.56 

0.82 

1.29 

Monel 

0.28 

0.38 

0.62 

1.07 

Gold 

0.24 

0.39 

0.59 

0.80 

Duriron 

0.20 

0.29 

0.61 

1.02 

Palladium' 

0.12 

0.3 

0,7 

1.0 

Platinum 

0.024 

0.07 

0.29 

0.68 

Platinum (platinized) 

0.015 

0,03 

0.04 

0.05 


i The values listed were abstracted from the table prepared by M. Knobel, International 
Critical Tables, 6 , 339. Overvoltages obtained by the direct method necessarily include the 
IR drop and concentration polarization. 
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Notes {Coni.): 

The solubility of a gas in parts per million, at a partial pressure of 760 mm, may be calculated 

from a by the following equation : 

c, ^/T, , , ^ 1000a, -do 

S(ppm)(PA = 1 atm.) = 

where da = density of gas at 0° C and 760 mm in grams per liter, 
dj = density of solution at temperature t in grams per cc. 

For O2, CO2, and HzS, dj can be taken as the density of w’ater with sufficient accuracy for 
most purposes. 

Gases such as O2 and N2 obey Henry’s Law at low and moderate pressures. CO2, H2S, 
and SO2 obey Henry's Law at low pressures only when ionization is inappreciable. When 
ionization is appreciable, Henry’s Law- is obeyed by the un-ionized fraction of these gases. 

The data given above may be used to calculate the un-ionized dissolved CO2, H2S, or SO2. 
At 25° C, Table 14, “Ion Activities of Weak Electrolytes as a Function of pH,” may then be 
used to calculate the total gas dissolved when the pH of the solution is know'n. The un-ionized 
portion of NH3 obeys Henry’s Law only at very low pressures. For the total solubility of SO2 
and NH3 in pure water at low pressures, see R. T. Haslam, R. L. Hershey, and R. H. Keen, 
Ind. Eng. Chem., 16, 1224 (1924), Figs. 4 and 5. 

* Handbook of Chemistry and Physics, 2Sth Edition, Chemical Rubber Publishing Co., 
1944-1945. 

t International Critical Tables, 3, 260. 

J Partial pressure of gas plus aqueous tension at stated temperature equals 760 mm. 

§ Milliliter of gas (0° C, 760 mm) per liter of water when partial pressure of gas is 760 mm. 

II Zelvenskii, J. Chem. ind. (U. S. S. R.), 14, 1250 (1937); Chem. Abstracts, 32, 852 (1938). 


Table 13. SOLUBILITY OP OXYGEN IN CERTAIN 
ELECTROLYTE SOLUTIONS 

(See Tables 7 and 9, pp. 1116 and 1117, for solubility of oxygen in sea water.) 


Electrolyte 

Cone, of electrolyte, moles/liter; 0.6 

1.0 2.0 
Solubility, ml /liter* 

HNO3 

27.67 

27.03 

26.03 

HCl 

27.13 

26.30 

24.47 

H2SO 

25.20 

23.00 

19.15 

NaCl 

24.01 

20.44 

14.48 

KOH 

23.09 

18.88 


NaOH 

22.91 

18.69 

12.19 

HNOj 

33.00 

31.86 

29.87 

HCl 

32.62 

31.01 

28.35 

HoSO^ 

32.05 

31.76 

22.09 

NaCl 

29.20 

24.65 

17.26 

KOH 

27.59 

22.19 


NaOH 

27.31 

21.90 

14.41 


)25°0 


15° C 


* Solubility given in milliliters of gas (°C, 1 atm.) dissolved in 1 liter of solution when partial 
pressure of the gas equals one atmosphere. 
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Table 14 ION ACTIVITIES OF TVEAX ELEC 
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TROLYTES AS A FUNCTION OP pH AT 25° C* 


HzSOst 

H 5 PO 4 

“H2SO1 

“HSOj 

“sor" 

fflHaPOt 

'JHipor 

“Hpor 

“PO.“" 

a^+i 

as** 

as** 

Op 

Clp 

fl p 

ap 

0.8532 

0.1468 


0.9302 

0.0098 



0.6477 

0.3523 

• 4 4 * 

0.8083 

0.1917 



0.3670 

0.6324 


0.5714 

0.4286 



0.1553 

0.8447 


0.2966 

0.7034 

0.0000 


0.0549 

O'. 9450 

0.00006 

0.1176 

0.8823 

0,0001 


0.0180 

0.9818 

0.0002 

0.0405 

0.9593 

0.0002 


0.0058 

0.9936 

0.0006 

0 0132 

0.9862 

0.0006 


0.0018 

0.9962 

0.0020 

0.0042 

0 9939 

0.0019 


0.0006 

0.9932 

0.0002 • 

0.0013 

0.9925 

0.0062 


0.0002 

0.9804 

0.0193 

0.0004 

0.9804 

0.0192 

4444 

0.0001 

0.9412 

0.0587 

0.0001 

0.9415 

0,0584 


0.0000 

0.8352 

0.1048 

0.0000 

0.8301 

0.1639 


; 

0.6157 

0.3842 


0.6173 

0.3827 



0.3363 

0.6637 


0.3378 

0.6622 

0.0000 

• 4 • < 

0.1381 

0.8619 


0.1390 

0.8609 

0.0001 

4.44 

0.0482 

0.9518 


0.0485 

0.9512 

0.0003 

4 4.4 

0.0158 

0.9842 


0.0159 

0.9831 

0.0010 

• 4 4 4 

0.0050 

0.9950 

.... 

0.0051 

0.9918 

0.0031 


0.0016 

0.9984 


0.0016 

0.9885 

0.0099 

4 4.4 

0.0005 

0.9995 

.... 

0.0005 

0.9689 

0.0306 


0.0002 

0.9998 


0.0001 

0,9090 

0.0909 


0.00005 

0.99995 


0.0000 

0.7598 

0.2402 



1.00 



0.5000 

0.5000 




» . . 4 


0.2403 

0.7597 






0.0909 

0.9091 


♦ Reprinted from D. S. McKinney, ‘‘Calculation of Corrections to Conductivity Measure- 
ments for Dissolved Gases,” Proc. Am. Soc. Tesling Materials, 41, 1290 (1941). 

tFrom Ki = 1.72- lO'^; Kj = 6.24 • 10-«. H. V. Tartar and H. H. Garretson, ‘‘The 
Thermodynamic Ionization Constants of Sulfurous Acid at 25°, ” J. Am. Chem. Soc., 63, 
808 (1941). All other values from dissociation constants given in W. M. Latimer’s Oxidation 
Potentials, Prentice-Hall, Inc., New York, 1938. 
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Table 16. STANDARD DESIGNATIONS OF ALLOY COMPOSITIONS FOR 
HEAT AND CORROSION-RESISTANT CASTINGS 


Alloy Casting Institute 


Designation 

% Nickel 

% Chromium 

% Carbon 

% Other Elements 

CA-14 

1 max. 

11-14 

. 14 max. 


CA-40 

1 max. 

11-14 

.20-. 40 


CB-30 

2 max. 

18-22 

.30 max. 


CC-35 

3 max. 

27-30 

.35 max. 


CD-10 M 

3-6 

27-30 

. 10 max. 

Molybdenum 2.00 max 

CE-30 

S-11 

27-30 

.30 max. 



CF-7 

S-10 

18-20 

.07 max. 


CF-10 

8-10 

18-20 

. 10 max. 


CF-16 

S-IO 

18-20 

. 16 max. 


CF-20 

8-10 

18-20 

.20 max. 

. . . . i 

CF-7 So 

8-10 

18-20 

.07 max. 

Selenium 0.20-0.35 

CF-7 C 

8-10 

18-20 

.07 max. 

Columbium 10 X Carbon 

CF-7 M 

8-10 

18-20 

.07 max. 

Molybdenum 2. 5-3. 5 

CF-10 M 

S-10 

18-20 

. 10 max. 

Molybdenum 2 . 5-3 . 5 

CF-10 M 

8-10 

18-20 

. 16 max. 

Molybdenum 2. 5-3. 5 

CF-7 MC 

8-10 

18-20 

.07 max. 

Molybdenum 2. 5-3. 5 Columbium 

10 X Carbon 

CG-7 

10-12 

20-22 

.07 max. 


CG-10 

10-12 

20-22 

. 10 max. 


CG-IG 

10-12 

20-22 

. 16 max. 


CG-16 Se 

10-12 

20-22 

. 16 max. 

Selenium 0.20-0.35 

CG-7 C 

10-12 

20-22 

.07 max. 

Columbium 10 X Carbon 

CG-7 M 

10-12 

20-22 

.07 max. 

M olybdenum 2 . 5-3 . 5 

CG-10 M 

10-12 

20-22 

. 10 max. 

Molybdenum 2.5-3. 5 

CG-16 M 

10-12 

20-22 

. 16 max. 

Molybdenum 2 . 5-3 . 5 

CG-7 MC 

10-12 

20-22 

.07 max. 

Molybdenum 2 . 5-3 . 5 Columbium 

10 X Carbon 

CH-10 

10-12 

23-26 

. 10 max. 


CH-20 

10-12 

23-26 

. 20 max. 


CH-10 C 

10-12 

23-26 

. 10 max. 

Columbium 10 X Carbon 

CH-10 M 

10-12 

23-26 

. 10 max. 

Molybdenum 2 . 5-3 . 5 

CH-20 M 

10-12 

23-26 

.20 max. 

Molybdenum 2. 5-3. 5 

C-H-IO MC 

10-12 

23-26 

. 10 max. 

Molybdenum 2. 5-3, 5 Columbium 

10 X Carbon 

ck-25 

19-21 

23-26 

.25 max. 


CM-25 

19-22 

8-11 

. 25 max. 


CN-25 

23-26 

18-22 

.25 max. 


CS-25 

29-32 

8-12 

.25 max. 


CT-2S 

34-37 

13-17 

.25 max. 


HB 

2 max. 

18-22 



HC 

3 max. 

27-30 



HD 

3-6 

27-30 



HE 

S-11 

27-30 



HF 

S-11 

18-23 



HH 

10-13 

23-27 



HI 

13-16 

26-30 



HK 

19-21 

23-26 



HL 

19-21 

28-32 



HN 

23-26 

18-22 

— 
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Table 16 STANDARD DESIGNATIONS OP ALLOY COTklPOSITIONS FOR 
HEVT AND CORROSION ■RESISTANT CASTINGS — ConUnMcd 


Designation 

% Nickel 

% Chromium 

% Carbon 

% Other Elements 

HP 

29 31 

28^32 


1 

HS 

29 2 

8-12 



HT 

34 37 

13 17 



HU 

37-40 

17 21 



HW 

59 62 

10-14 



HX 

65-68 

15 19 




Designations with the initial letter C indicate alloys generally used to resist corrosive 
attack at temperatures less than 6o0* C (1200* Designations with the initial letter H 
indicate alloys generally u®ed under conditions where the metal temperature is in excess of 
650“ C (120Q“ F) 

All the aboie designations apply to tjpe compositions and no attempt is made to cover 
elements such as manganese silicon and in the case ol heat-resistant alloys carbon 
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Table 17. TEMPERATURE CONVERSION TABLE 


Interpolation Factors 


°C °F 

0.56 1 1.8 
1.11 2 3.6 
1.67 3 5.4 
2.22 4 7.2 
2.78 6 9.0 

"C 

3.33 

3.89 

4.44 

5 00 
5.56 

“F 

6 10.8 

7 12.6 

8 14.4 

9 16.2 
10 18.0 




- 

469.4 to - 

■60 

—60 to 36 

36 to 76 

“C 


°r 

°C 



°F 

°C 


°F 

-273 

-459.4 


- 51.1 



60 

- 76 

1.67 

36 

95.0 

-268 

-460 


- 45.6 

— 

60 

- 58 

2.22 

36 

96.8 

-262 

-440 


- 40.0 

— 

40 

— 40 

2.78 

37 

98.6 

-257 

-430 

• 

- 34.4 


30 

T 22 

3.33 

38 


-251 

-420 


- 28.9 

— 

20 

- 4 

3.89 

39 


-246 

-410 


- 23.3 

— 

10 

14 

4.44 

40 


-240 

-400 


- 17.8 


0 

32 


41 

105.8 

-234 

-390 


- 17.2 


1 

33.8 

5.56 

42 

107.6 

-229 

-380 


- 16.7 


2 

35 6 

6.11 

43 

109.4 

-223 

-370 


- 16.1 


3 

37.4 

6.67 

44 

111.2 

-218 

-360 


— 15.6 


4 

39.2 

7.22 

46 

113.0 

-212 

-360 


- 15.0 


6 

41.0 

7.78 

46 

114.8 

-207 

-340 


- 14.4 


6 

42.8 

8.33 

47 

116.6 

-201 

-330 


- 13.9 


7 

44.6 

8.89 

48 

118.4 

-196 

-320 


- 13.3 


8 

46.4 

9.44 

49 

120.2 

-190 

-310 


- 12.8 


9 

48.2 


60 


-184 

-300 


- 12.2 


10 

50.0 

10.6 

61 


-179 

-290 


- 11.7 


11 

51.8 

11.1 



-173 

-280 


- 11.1 


12 

53.6 

11.7 



-169 

-273 

- 459.4 

- 10.0 


13 

55.4 

12.2 

64 

129.2 

-168 

-270 

-454 

- 10.0 


14 

57.2 

12.8 

66 


-162 

-260 

-436 

- 9.44 


16 

59.0 

13.3 

66 


-157 

-260 

-418 

- 8.89 


16 

60.8 

13.9 

67 

134.6 

-151 

-240 

-400 

- 8.33 


17 

62.6 

14.4 

68 

136.4 

-146 

-230 

-382 

- 7.78 


18 

64.4 


69 

138.2 

-140 

-220 

-364 

- 7.22 


19 

66.2 

15.6 

60 


-134 

-210 

-346 

- 6.67 


20 

68.0 

16.1 

61 

141.8 

-129 

-200 

-328 

- 6.11 


21 

69.8 

16.7 

62 

143.6 

-123 

-190 

-310 

— 5.56 


22 

71.6 

17.2 

63 

145.4 

-118 

-180 

-292 

- 5.00 


23 

73.4 

17.8 

64 

147.2 

-112 

-170 

-274 

- 4.44 


24 

75.2 

18.3 

66 

149.0 

-107 

-160 

-256 

- 3.89 


26 

77.0 

18.9 

66 

150.8 

-101 

-160 

-238 

- 3.33 


26 

78.8 

19.4 

67 

152.6 

- 95.6 

-140 

-220 

- 2.78 


27 

80.6 


68 

154.4 

- 90.0 

-130 

-202 

- 2.22 


28 

82.4 

20.6 

69 

156.2 

- 84.4 

-120 

-184 

- 1.67 


29 

84.2 

21.1 

70 

158.0 

- 78.9 

-no 

-166 

- 1.11 


30 

86 0 

21.7 

71 

159.8 

- 73.3 

-100 

-148 

- 0.56 


31 

87.8 

22.2 

72 

161.6 

- 67.8 

- 90 

-130 

0 


32 

89.6 

22.8 

73 

163.4 

- 62.2 

- 80 

-112 

0.56 


33 

91.4 

23.3 

74 

165.2 

- 56.7 

- 70 

- 94 

1.11 


34 

93 2 

23.9 

76 

167.0 

- 51.1 

- 60 

- 76 

1.67 


36 

95.0 

24.4 

76 

168.8 
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MISCELLANEOUS JNEOUMATION 


Tabix 17. TEMPERATURE CONVERSION TABLE — Conitnwed 


76 to 340 

1 340 to 830 

[ 830 to 1320 

“C 


«F 

*C 


"F 

"C 


•F 

24 4 

76 

168 8 

171 

340 

644 

443 

830 


25 0 

77 

170 6 

177 

360 

662 

449 

840 

1544 

25 6 

78 

172 4 

182 

360 

680 

454 

850 

1562 

26 1 

79 

174 2 

188 

370 

698 

460 

860 

1580 

26 7 

80 

176 0 

193 

380 

716 

466 

870 

1598 

27 2 

81 

177 8 

199 

390 

734 

471 

680 

1616 

27 8 

82 

179 6 

201 

400 

752 

477 

8S0 

1634 

28 3 

83 

ISl 4 

210 

410 

770 

482 

900 

1652 

28 9 

84 

183 2 

216 

420 

7S8 

4SS 

910 

1670 

29 4 

86 

185 0 

221 

430 

806 

493 

920 

1688 

30 0 

86 

186 8 

227 

440 

824 

499 

930 

1706 

30 6 

87 

188 6 

232 

460 

842 

504 

940 

1724 

31 1 

88 

190 4 

238 

460 

860 

510 

950 

1742 

31 7 

89 

192 2 

243 

470 

878 

516 

960 

1760 

32 2 

90 

194 0 

249 

480 

£96 

521 

970 

1778 

32 8 

91 

195 8 

254 

490 

914 

527 

980 

1796 

33 3 

92 

197 6 

260 

600 

932 

532 

980 

1614 

33 9 

93 

199 4 

266 

610 

950 

538 

1000 

1832 

34 4 

94 

201 2 1 

271 

620 

908 1 

543 

1010 

1850 

35 0 

96 

203 0 

277 

630 

986 1 

549 

1020 

1868 

35 G 

96 

204 8 

282 

640 

iw« 1 

554 

1030 

1886 

36 1 

97 

266 o' 

28S 

WO 

1022 ' 

560 

1040 

1904 

36 7 

98 

208 4 

293 

660 

1010 

566 

1050 

1922 

37 2 

99 

210 2 

299 

670 

1058 

571 

1060 

1940 

37 8 

100 

212 0 

301 

680 

1076 

577 

1070 

1958 

43 

110 

230 I 

310 

690 

1094 

582 

1080 

1976 

49 

120 

248 1 

316 

600 

1112 

5SS 

1030 

1991 

54 

130 

266 

321 

610 

1130 

593 

1100 

2012 

60 

140 

2S4 

327 

620 

1148 

699 

1110 

2030 

66 

160 

302 

332 

630 

1166 

1 604 

1120 

2WS 

71 

160 

320 

338 

640 

1184 

610 

1130 

2066 

77 

170 

338 

343 

650 

1202 

616 

1140 

20S4 

82 

160 

356 

1 349 

660 

1220 

621 

1150 

2102 

88 

190 

374 

354 

$70 

1238 

627 

1160 

2120 

93 

200 

392 

360 

680 

1256 

632 

1170 

2138 

99 

210 

410 

366 

630 

1274 

638 

1180 

2156 

100 

212 

413 

371 

700 

1292 

M3 

1180 

2174 

104 

220 

428 

377 

710 

1310 

619 

1200 

2192 

110 

230 

446 

382 

720 

1328 

654 

1210 

2210 

116 

240 

4&4 

388 

730 

1346 

660 

1220 

2228 

121 

250 

482 

393 

740 

1364 

666 

1230 

2246 

127 

260 

500 

399 

760 

1382 

671 

12:0 

2264 

132 

270 

518 

404 

760 

1400 

677 

12C0 

2282 

138 

280 

636 

410 

770 

1418 

682 

12E0 

2300 

143 

2S0 

654 

416 

780 

1436 

683 

1270 

2318 

149 

300 

572 

421 

790 

1454 

693 

1250 

2336 

154 

310 

590 

427 

800 

1472 

699 

1280 

2354 


320 

608 

432 

810 

1490 

704 

1300 

2372 


330 

626 

438 

820 

1508 

710 

1310 

2390 

171 

340 

644 

443 

830 

1526 

716 

1320 

2408 
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Table 17. TEMPERATURE CONVERSION TABLE — ConJinwed 


1320 to 1810 

1810 to 2300 

2300 to 2790 

■’C 


T 

°C 


‘T 

m 


°F 

716 

1320 

2408 

988 

1810 

3290 


mSm 

4172 

721 

1330 

2426 

993 

1820 

3308 



4190 

727 

1340 

2444 

999 

1830 

3326 

1271 

2320 

4208 

732 

1350 

2462 

1004 

1840 

3344 

1277 

2330 

4226 

738 

1360 

2480 

1010 

1860 

3362 

1282 

2340 

4244 

743 

1370 

2498 

1016 

1860 

3380 

1288 

23E0 

4262 

749 

1380 

2516 

1021 

1870 

3398 

1293 

2360 

4280 

754 

1390 

2534 

1027 

1880 

3416 

1299 

2370 

4298 


1400 

2552 

1032 

1890 

3434 

1304 

2380 

4310 


1410 

2570 

1038 

1900 

3452 

1310 

2390 

4334 

771 

1420 

2588 

1043 

1910 

3470 

1316 

2400 

4352 

777 

1430 

2606 

1049 

1920 

3488 

1321 

2410 

4370 

782 

1440 

2624 

1054 

1930 

3506 

1327 

2420 

4388 

788 

1460 

2642 

1060 

1940 

3524 

1332 

2430 

4406 

793 

1460 

2660 

1066 

1960 

3542 

1338 

2440 

4424 

799 

1470 

2678 

1071 

1960 

3560 

1343 

24E0 

4442 

804 

1480 

2696 

1077 

1970 

3578 

1349 

2460 

4460 

' 810 

1480 

2714 

1082 

1980 

3596 

1354 

2470 

4478 

810 

1600 

2732 

1088 

1990 

3614 

1360 

2480 

4496 

821 

1610 

2750 

1093 

2000 

3632 

1366 

2490 

4514 

827 

1620 

2768 

1099 

2010 

3650 

1371 

2E00 

4532 

832 

1630 

2786 

1104 

2020 

3668 

1377 

2510 

4550 

838 

1640 

2804 

1110 

2030 

3686 

1382 

2520 

4568 

843 

1660 

2822 

1116 

2040 

3704 

1388 

2530 

4586 

849 

1660 

2840 

1121 

2060 

3722 

1393 

2640 

4604 

>64 

1670 

2858 

1127 

2060 

3740 

1399 

2650 

4622 

860 

1680 

2876 

1132 

2070 

3758 

1404 

2660 

4640 

860 

1690 

2894 

1138 

2080 

3776 

1410 

2670 

4658 

871 

1600 

2912 

1143 

2090 

3794 

1416 

2650 

4676 

877 

1610 

2930 

1149 

2100 

3812 

1421 

2690 

4694 


1620 

2948 

1154 

2110 

3830 

1427 

2600 

4712 

888 

1630 

2966 

1160 

2120 

3848 

1432 

2610 

4730 


1640 

2984 

1166 

2130 

3866 

1438 

2620 

4748 

899 

1650 

3002 

1171 

2140 

3884 

1443 

2630 

4766 

904 

1660 

3020 

1177 

2160 

3902 

1449 

2640 

4784 

910 


3038 

1182 

2160 

3920 

1454 

2660 

4802 

910 


3056 

1188 

2170 

3933 

1460 

2660 

4820 

921 


3074 

1193 

2180 

3956 

1466 

2670 

4838 



3092 

1199 

2190 

3974 

1471 

2680 

4856 


1710 

3110 

1204 

2200 

3992 

1477 

2690 

4874 

938 


3128 

1210 

2210 

4010 

1482 

2700 

4892 

943 


3146 

1216 

2220 

4028 

1488 

2710 

4910 

949 


3164 

1221 

2230 

4046 

1493 

2720 

4928 

954 

1760 

3182 

1227 

2240 

4064 

1499 

2730 

4946 

960 

1760 

3200 

1232 

2260 

4082 

1504 

2740 

4964 

966 

1770 

3218 

1238 

2260 

4100 

1510 

2760 

4982 

971 

1780 

3236 

1243 

2270 

4118 

1516 

2760 

5000 

977 

1790 

3254 

1249 

2280 

4136 

1521 

2770 

5018 

982 

1800 

3272 

1254 

2290 

4154 

1527 

2780 

5036 

988 

1810 

3290 

1260 

2300 

4172 

1532 

2780 

5054 
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MISCELhANEOVS INFORMATION 


Table 17 TEMPERATURE CON’VERSION TABLE — Continual 


2790 to 2860 | 

I 2SeO to 2930 { 

, 2930 to 3000 

'C 


*F 1 

•o 


‘P 

1 OQ 


*F 

1532 

2790 

5054 

1571 

2860 

5180 

1610 

2930 

5306 

1538 

2800 

5072 1 

1577 

2870 

5198 

1616 

2940 

5324 

1543 

2810 

5090 ' 

1582 

2880 

5216 

1621 

2950 

5342 

1549 

2820 

5108 

1588 

2690 

5234 

1627 

2960 

5360 

1554 

2830 

5126 

1593 

2900 

5252 

1632 

2970 

5378 

1560 

2840 

5144 1 

1599 

2910 

5270 

1638 

2980 

5396 

1566 

2850 

5162 

1604 

2920 

5288 

1643 

2990 

5414 

1571 

2860 

5180 j 

1610 

2930 

5306 

1649 

3000 

5432 
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Table 18. GENERAL CONVERSION FACTORS 
(Prepared by the Editor) 


Mvlliply 

by 

to Obtain 

ampere-hours (abs.) 

3600.0 

coulomb (abs.) 

ampere-hours (abs.) 

0.03731 

Faradays 

Angstrom units 

3.937 X 10-^ 

inches 

Angstrom units 

1 X io-^» 

meters 

Angstrom units 

1 X io-< 

microns 

atmospheres 

1,0133 

bars 

atmospheres 

29.921 

inches of mercury at 32° F 

barrels, oil 

42 

gallons (U.S.) 

bars 

0.9869 

atmospheres 

Btu 

252 

calories, gram 

Btu 

1055 

joules 

Btu 

0.2930 

watt-hours 

Btu /(hr) (sqft) (°F/ft) 

0.00413 

gram cal /(sec) (sq cm)/(°C/cm) 

calories, gram (mean) 

4 131 X 10-2 

liter atmospheres 

calories, gram 

3 968 X 10-2 

Btu 

calories, gram (mean) 

4 186 

joules (abs.) 

calories, gram (mean) 
gram-cal/(sec) (sq cm) 

0.0011628 

watt-hours 

(°C /cm) 

242 

Btu /(hr) (sqft) (°F/ft) 

centimeters 

1 X 10* 

Angstrom units 

centimeters 

0 3937 

inches 

cubic centimeters 

0.06102 

cubic inches 

cubic centimeters 

9.9997 X 10-< 

liters 

epbic centimeters 

0.03381 

ounces (U.S., fluid) 

cubic feet (U.S.) 

1728 

cubic inches (U.S.) 

cubic feet (U.S.) 

7.481 

gallons (U.S.) 

cubic feet of water (60° F) 

62.37 

pounds 

cubic inches (U.S.) 

16.387 

cubic centimeters 

cubic inches (U.S.) 

5.787 X 10-^ 

cubic feet (U.S.) 

cubic inches (U.S.) 

0.5541 

ounces (U.S., fluid) 

days (mean solar) 

1440 

minutes 

days (mean solar) 

86400 

seconds 

equivalents per million 

0.001* 

normality 

equivalents per million 

50.0 

parts per million as CaCOj 

equivalents per million 

2.92* 

gi-ains per gallon (U.S.) as CaCOa 

ergs 

2.389 X 10-2 

calories, gram (mean) 

ergs 

1 X 10-2 

joules 

Faradays 

26.80 

ampere-hours (abs.) 

feet 

0.3048 

meters 

gallons (U.S.) 

0.1337 

cubic feet 

gallons (U.S.) 

0.003785 

cubic meters 

g.allons (U.S.) 

3.785 

liters 

grains 

0.06480 

grams 

grains per gallon (U.S.) 

17.12t 

parts per million 


* These values are exact when multiplied by the specific gravity of the solution, 
t These v.alues arc e.xact when di\-ided by the specific gravity of the solution. 
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Table 18 GENERAI. CONVERSION FACTORS— Continued 


Mtdtxply 

hy 

fo Obtain 

grains per gallon (OS) 

as CaCO* 

0 3424t 

equivalents per milhon 

grams 

0 03o37 

ounces (avoirdupois) 

grams 

0 03215 

ounces (troy) 

grams per bter 

lOOOf 

parts per milhon 

inches 

2 540 

centimeters 

joules (abs) 

0 2389 

calories gram (mean) 

joules (aba ) 

1 X 10* 

ergs 

joules 

0 0098G9 

liter atmospheres 

kilograma 

2 205 

pounds (avoirdupois) 

kilograms per sq cm 

14 223 

pounds per «g in 

kilometers 

0 6214 

miles (U S ) 

liter atmospheres 

24 21 

calories gram (mean) 

liter atmospheres 

101 33 

joules (abs ) 

liters 

1 0d67 

quarts (U S bquid) 

meters 

3 281 

feet 

micro^ams 

1 X 10-* 

grams 

microhms 

1 X io~* 

ohms 

im crons 

1 X io*« 

centimeters 

microns 

0 03937 

mils 

miles (U S ) 

1 6094 

kilometers 

inillititers (ml) 

1 000027 

cubic centimeter 

milliliters dissolved oxygen 

1 429t 

parts per million 

(V T P ) per liter 

millimeters 

39 37 

mils 

mils 

0 002540 

centimeters 

normabty 

lOOOt 

equivalents per milbon 

ounces (avoirdupois) 

437 5 

grains 


2» 350 


ounces (aioirdupois) 

0 9115 

ounces (troy) 

ounces (troj) 

31 1<M 

grams 

ounces (U S fluid) 

29 57 

cubic centimeters 

ounces (U S fluid) 

0 03125 

quarts (U S bquid) 

parts per million 

0 0584* 

grains pet gallon (U S ) 

parts per million 

0 001* 

grams per bter 

parts per million as CaCOj 

0 02 

equivalents per milbop 

parts per million of dissolved 

0 70* 

miJJiltfers dissohed oxyj 

oxjgen 


(N T P ) per liter 

pounds (aioirdupois) 

0 453G 

kilograms 

pounds (troy) 

0 3732 

kilograms 

pounds per square mch 

0 07031 

kilograms per sq cm 


• These i alues are exact when multiplied by the specific grant> of the solution 
■f These 'v alues are exact when divided by the *peeific grai ity of the solution 



GENERAL TABLES 


1159 


Table 18. 

GENERAL CONVERSION FACTORS — Concluded 

Mnlliply 

by 

to Obtain 

quarts (U.S., liquid) 

0.9463 

liters 

square centimeters 

0.1550 

square inches 

square decimeters 

100 

square centimeters 

square feet (U.S.) 

0.09290 

square meters 

square inches (U.S.) 

6.452 

square centimeters 

square kilometers 

0.3861 

square miles (U.S.) 

square meters 

10.764 

square feet (U.S.) 

watt-hours 

860.01 

calories, (gram mean) 

watt-hours 

3600 

joules 

weeks 

168 

hours 

weeks 

10080 

minutes 

weeks 

604800 

seconds 

years (mean solar) 

8765.8 

hours (mean solar) 

years (mean solar) 

3.156 X 10^ 

seconds (mean solar) 
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Table 19. COXl’ERSIOX FACTORS FOR CORR03I0X UNITS 
(Frepared bj’ the Editor) 


MullipJy 

in penetration per jt (ipj) 


by 

696 X density 


cm penetration per jt (cmpy) 274 X density 

oz per sq ft per day 3050 

gramo per sq meter per yr 0 0274 

grams per sq meter per day 10 

grams per sq meter per hour 240 


mg per sq dm i>cr day (mdd) 0 00144/den»ity 


cm iienetration per yr (ctnpj) 
oz per sq ft per day 
grams per sq meter per yr 
grama per sq meter per day 
grams per sq meter per hour 


0 394 

4 39/density 
0 0000394/density 
0 0144/density 
0 34C/dcnsit> 


to OUain 
mg per sq dm 
per day (mdd) 


in penetration 
PerjT (ipj) 


Metal 

Density 
(grams per cc) 

0 00144 

Density 

696 X Density 

AIutmmiTn 

2 72 

0 000529 

1890 

Aluminura»magDe*ium-siljcon (98, 0 5, 10) 

2 69 

0 000535 

1870 

4lumiQuzD*fnangane«e (99, 1) 

Alummuzn*coppcr (duralumin) <Cu 4. Md 05. 

2 73 

0 000528 

1901 

Mg 0 5. A1 remmiider) 

2 79 

0 000516 

1940 

Brasa (Admiralty) 

8 54 

0 000108 

5950 

Brass (red) 

8 75 ' 

0 000164 

6100 

Brass (> ellow) 

8 47 

0 000170 

5880 

Bronze (10% tin) 

8 77 

0 000164 

ClOO 

Bronze (18% tin) 

8 80 

0 000163 

6135 

Bronze (pho phorus, 5% tin) 

8 86 

0 000162 

6170 

Bronze (silicon) , 

Bronze (manganese) (C« 66 5, Za 19, A16,Fe4 5, 

S 51 

0 oooies 

5950 

Mn 4) 

7 89 

0 000182 

6500 

Cadmium 

8 65 

0 000167 

C020 

Columbium 

8 4 

! D 000171 

1 6830 

Copper 

8 93 

0 000161 

' 6210 

Copper-mckel (70, 30) 

8 95 

0 000161 

6210 

Copper-mckel-zinc (75, 20, 5) 

8 66 

0 000162 

C170 

Copper-mckel-zinc (6o, IS, 17) 

8 75 

0 000164 

6100 

Copper-'ilicon-manganese (96, 3, 1) 

8 53 

0 00016S 

5950 

Copper-mcfcel-tin (70, 29. 1) 

8 87 

0 000162 

6170 

Iron 

7 87 

0 000183 

5480 

Iron-chromium (SG-S8, 12 14, 0 3 C) 

7 7 

0 000187 

5360 

Iron-chromium (82-84, 16-18, 12 O 

j 7 7 

0 000187 

5360 

Iron-chromium (73 77, 23 27, 35 C) 
Iron-chromium-mckel [18-8J (75—79, 1<— 19, 

1 7 6 

0 000189 

5290 

8-10. 1 C) 

7 9 

0 000182 

5500 

lion-silicon (Duriron) (84, 14 5, 0 9 C, 0 4 Mn) 

7 0 

0 000205 
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CON\rERSION FACTORS — Continued 


Metal 


0 00144 

Density 

696 X Density 

Load (cliomical) 

11.35 

0.000127 

7900 

Load (antimony) (99, 1) 

11.30 

0.000127 

7870 

Magnesium 

1.74 

0.000826 

1210 

Nickel 

8.S9 

0.000162 

6180 

Nickel-copper (Monel) (70, 30) 

8.84 

0.000163 

6140 

Niokel-chromium-iron (Inconel) (SO, 13, 7) 
Nickel-molybdoniim-iron (Hastelloy A) (60, 20, 

8.51 

0,000169 

• 5920 

20) 

8.80 

0.000163 

6120 

Silver 

10.50 

0.000137 

7300 

Tantalum 

16.6 

0.0000868 

11550 

Tin 

7.29 

0.000197 

5080 

Zinc 

7.14 

0.000201 

4970 
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Key; T refers to tables. F refers to figures. FN refers to footnotes. 


Acetic acid, resistance of, ctiromium-mclrel 
iron alloys, 1547’, 1561!' 
copper, 65f’ 

copper-nickel alloys, 88-9 
copper-silicon alloys, 1087’ 
copper-tin alloys, 99 
molybdenum, 2537” 
nickel, 2607’ 

nickel-chromium alloys, 2897' 
nickel-copper alloys, 274-5 
nickel-molybdenum alloys, 2987’ 
tin, -325 

Acetic acid group chemicals materials resis- 
tant to, 757-97 

Acids (refer also to specific acid) 
inhibitors for, 914-5 
mechanism of attack by, 8-9 
non-oxidizing, theory of attack by, 8 
oxidizing, theory of attack by, 8-9 
resistance of, chromium-iron alloys, 145-8, 
UST* 

columbium, 60 
copper, 64-6 

copper-bcrj^llium alloys, 112 
copper-nickel alloys, 87-9 
copper-silicon alloys, 107 
copper-tin alloys, 97-9 
copper-zinc alloys, 74-5 
indium alloys, 1207’ 
lead alloys, 211-2 
magnesium alloys, 225 
molybdenum, 2537’ 
nickel, 265-9 

nickel-chromium alloys, 283-7 

nickel-copper alloys, 270-4 

nickel-iron alloys, 194-6 

nickel-molybdenum alloys, 295-6 

nickel-molybdenum-iron alloys, 2977’ 

silver, 315, 3167’ 

steel, 132-5 

tantalum, 321, 3227’ 

tin, 324-5, 3247’ 

zinc, 336-8 

Acids and acid-forming gases, materials 
rc.sistant to, 787—97 

Acti'vifies, ion, 1148-97 

Adhesives, for wood, 376—87 


Admiralty metal (see Copper-zinc alloys) 
Aeration, effect in total immersion tests, 
962-3 

Alclad, 53-4 

Alkalies (refer also to specific alkalies) 
inhibitors for, 915 
materials resistant to, 793-87 
resistance of, chromium-iron alloys, 148FA 
copper, 64-6 

copper-nickel alloys, 89-90 
copper-silicon alloys, 108 
copper-tin alloys, 99 
copper-zinc alloys, 75-6 
indium alloys, 1207 
lead alloys, 213 
magnesium alloys, 225-6 
nickel, 262 

niekel-chromium alloys, 290-1 
nickel-copper alloys, 276 
nickel-iron alloys, 198 
nickel-molybdenum alloys, 296 
silver, 315-8 
steel, 134-5, 630-8 
tantalum, 321 
tin, 325-5 
zinc, 336-8 

Alumel (sec Nickel .alloys) 

Aluminum (sec Aluminum alloys) 

Aluminum alloys, 39-56 

anodic trc.atment of, 857-61 
cathodic corrosion of, 53 
clad, 53-4 

code numbers, 39-407 
compositions of vTought and cast, 39-417 
corrosion fatigue of, 48 
effect of, cold work, 48 
heat treatment, 53 
pH, 42 

precipitation in alloys, 48-9 
scratches, 7 
stress, 48, 570 
structure of alloys, 48-9 
temperature, 41-2 
velocity, 47 

effect on oxidation of magnesium, 6727 
galvanic corrosion, 4907 
intergranular corrosion of, 49, 54-5 
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Aluminum allojs, mechinical properties of, 
39-40r 

oxidation, internal, 617 
passiMty of, 32 
protection of 49 51 
resistance to, acids, 43-5 
orgamc, 45 
alkalies, 46 
amines, 46 
ammonia, 46, 49 
atmospheric corrosion, 51-6 
galvanic, 53 
indoor, 52 3 
outdoor 51 2 
protection against, 55-6 
fluorinated hjdroearbons, 49 
gases, 49 

dissolved, 417’ 427’ 
btgb-tempecsture, tfi’r 
hjdrogen chloride 49 
hj’drogen fluoride 49 
hj drogen sulfide, 49 
high-temperature, 617 
lead, molten 017 
mercury. 61S 
mercury salts, 47FiV 
metals molten. 617-8 
methjl alcohol 49 
orgamc compounds, 49 
oxygen, 41 
phenol 49 

salt solutions 46-7, 477’ 
salts, molten, 617 8 
soil corrosion, 50-1 
steam, 617 
steam condensate, 43 
sulfur dioxide, 49 
high-temperature, 017 
tin, molten, 617 
water, distilled, 42 
fresh, 42 
mine, 43 

sea. 43. 406, 410-lT 
zinc molten, 617 

Aluminum brass (see Copper-zinc ano}<») 

Aluminum-iron alloys, high-temperature cor- 
rosion 638—40 

Ammeter, zero resistance, 1039F 

Ammoma solubility m water, IMG?" 

Ammonia at high temperature, resistance of, 
cobalt 31103*3, 619 
copper allo33, 629-30 
heat-resistant alIo3 s, 657-8, 681, 

7357’ 

Ammoma group chemicals, materials resis- 
tant to, 7997’ 


Antmomura h3roxide, resistance of, alu- 
minum alloys, 46 
copper-mckel alloys, 89-90 
copper-tm alloys, 99 
coppcr-zmc alloys, 76 
steel, 131 2, 135 

Anodes, corrosion-resistant, €06—9 
applications 606-8 
mechanism of, 608-9 
IValladium 306-7 
Platinum, 303-4 
Anodic control, 4SG 
Anodic corrosion of gold, 117 
Anodic treatment, 857-62 
Anti-fouling measures, 441-6 (tee also 
Fouling) 

hehaviorof alloys. 427 97 
hiocidal agents, 445 6 
•-'opper afibys, 401-2 
^lectnc currents for, 445 
fresh water anchorage 445 
Paint (see Paint snti-fouhng) 
tests racks for, 1062F 
toxics for, 445 
Arrhenius equation 16 
Arsenic, effect in copper 67 

on dezmcification 551 
Asbestos cement, soil resiatance, 454 
Asbestos pipe soil resistance, 454 
A S T M galvanic couple test, 1005 
A 9 T M hfe test, high-temperature, 997-8 
AttQospherc, composition of, llllT 
furnace, alloys for, 730-27 
types of. 1043 

Atinospheric corrosion, resistance of, 
aluminum alloys, 51-6 
galv aiuc, 53 
indoor, 52 3 
outdoor, 51-2 
protection, 55-6 
cast iron. 124 5 
chronuum-iron alloys, 149-50 
chromium manganese-iron alloys, 

192-3 

chroimum-nickel-iron alloys 164-5 
coatings, bituminous, S9S-9 
metal, 803-57 
cobalt alloys, 59 
columbium, 61 
copper, 67-8 
copper-nickel alloys, 95 
copper-silicon alloys, 109 13 
copper-tin alloys, 102-3 
corrosion products of. 103 
eopper-zinc alloys, 84-5 
indium alloys, 119-20 
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Atmospheric corrosion, resistance of, lead 
alloys, 215-6 

maKnesium alloys, 243-52 
corrosion fatigue of, 249 
effect of humidity, 245 
effect of pollution, 245-G 
effect of stress, 247-9 
gah'anic, 246 — 7 
indoor, 243 

marine atmosphere, 246 
metallurgical factors, 250-1 
outdoor, 244 
protection, 251-2 
nickel, 265-6 

nickel-chromium alloys, 293 
nickel-copper alloys, 280-1 
nickel-iron alloys, 200 
palladium, 30S-9 
steel, 124-5 

effect of copper, 121-2 
effect of phosphorus, 122 
factors affecting, 120 
low alloj's, 122-4 
tantalum, 323 
tin, 327-9 
zinc, 342-6 

effect of stress, 340 
galvanic, 340 
indoor, 342-3 
outdoor, 344-0 
protection, 347 

Atmospheric tests (sec Tests [field], at- 
mospheric) 

Bacteria (see Micro-organisms) 

Bases (sec Alkalies) 

Bearing corrosion, 559—68 
effect of, catalysts, 562-3 

oxidizing characteristics of lubricating 
oil, 563 

temperature, 561-2 
mechanism of, 564- 5 
prevention, 565-7 
Bearings, indium-plated, 149 

surface destruction by fretting corrosion, 594 
Beryllium, 56— 7 

Boryllitim-copper (see Copper-beryllium 
alloys) 

Boiler-corrosion (see Wafer, boiler) 

Boiler embrittlement, 531 
Boron, 378—9 

Brass (see Copper-zinc alloys) 

Brines,' inhibitors for, 49S-9, 914 
Brinolling, false, 591 

Bromine (see Gases, and Halogen gases, high- 
temperature) 


Bronze (see Copper-tin alloys) 

Buna N (sec Rubber) 

Buna S (sec Rubber) 

Butyl rubber (sec Rubber) 

Cable sheathing, 609—13 
Cadmium (sec Coatings, cadmium) 

Calcium chloride, resistance of, cast iron, 
132r 

nickel, 2632’ 

nickel-copper alloys, 277 T 
nickel-iron alloys, 1962’ 
steel, 1322’ 

Calorizing, 638—40 
Cans, tin, 831-6 
Carbon, 348—52 

characteristics, 348-9 

effect in, chromium-manganese-iron alloys, 
190 

chromium-nickel-iron alloys, 160 
nickel, 679 
steel, 140 

electrical conductivity, 351 
forms, 349 

high-temperature uses, 723 
impregnated, 351 
physical properties, 3502’ 
porosity, 349 
purity, 349 

thermal conductivity, 351 
thermal shock, resistance to, 351 
Carbon dioxide, dissolved, effect on, copper, 
62-4 

copper-nickel alloys, 86T 
magnesium alloys, 218 
nickel, 2562’ 

nickel-copper alloys, 2692’ 
nickel-iron alloys, 1992’ 
steel, 127 

high-temperature resistance of, aluminum 
alloys, 617 

magnesium alloys, 673 
nickel alloys, 679 
silver, 719 

solubility, in water, 11462’ 
in sea water, 11162’ 

Carbon tetrachloride (see Chlorinated sol- 
vents) 

Carbonic acid (sec Carbon dioxide, dissolved) 
Carburizing containers, 7352’ 

Cast iron, chromium, high-temperature cor- 
rosion, 662-4 

graphitic corrosion (graphitization), 139 
nickel cast iron, 196-8 
resistance to, .sulfuric acid, 196-8 
various media, 197-82’ 
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Cast iron, resistance to, atmospheric corro- 
sion, 124 5 

water, sea 392, 3S1 7T 
silicon {see Silicon-iron alloj’s) 

1 er«u3 steel and wrought iron, 139 
Cathodic control, 4SQ 

Cathodic corrosion of aluminum allo 3 's, 53 
Cathodic protection, 923—50 
ampere-hour effects, 932 3 
anode arrangement 93SF, OSS-aJO/* !>12F 
applications, 935-50 
in fresh water, 500-1 
tanks, 9-19 SO 

underground pipes and cables, 93G-49 
underground structures, 949 
criteria for protection, 920 8 
current sources for testing 930 
deSnition 923 (see also Glos!>ary) 
effect of soil shnnkage. 934 
clectrcHosmotic effects 931 2 
lugh-rosi^ancc couplings effect of, 934 
local action current 923 
mechanical effects 031 
roecham-m of, 923-0 

minimum currents, determination of, 
02S 30 

radial cvirreata 031 
reference cells, 030-1 
shielding effects, 933-1 
stray-current hazards, 934 
Cavitation, 597-601 o/se Tests, labora- 
tor>, cavitation damage) 
damage, occurrence of, 500 
definition, 597 («<c also Glossarj*) 
effect of corrosion, 597*8 
temperature, 59S 
metals resistant to, COO, 995-GT 
remedies for damage b>, 000-1 
Cells, compleT, 493-4 
Deniaon, I03^-9 
ovidadon, taori^h 17/' 
passive-active 1G5 (sec also Gl<»sary) 
Cellulose ether«, 897 
Cellulose nitrate 897 
Cement mortar, soil re^iotanco, 402 
Cementite, as cathode 8 
Ceramics (see Stoneware) 

Chemical', materials re'i-tant to, 747-99T 
Chlorinated solvents, re'i'tance of, copper, 
00 

copper-nickel allojs, 92 37* 
copper-silicon alloys, 109 
copper-zinc alloys, 70 
nickel, 204, 2057’ 
stainless steel*, 1577’ 
ftteiel U1 


Chlorinated solvents, resistance of, zinc 
339 

Chlorine (see Gases, and Halogen gases, 
high temperature) 

Chlorinity, definition of, 1111 
Chromate' as inhibitors, corrosion fatigue, 
5S9 

in paints. 430, SS8-90 
limitations of 500 
theory of action, 9, 31 
uses. 49S 500, 913 15 
effect on corrosion of, copper-nickel alloys, 
92 r 

IroninCaClj. 132r 
zinc, 3417’ 

potential of iron m 9S1F 
Chromel (see \ickel-chromium alloys) 
Chromic acid resistance of, aluminum allots, 
IS 

copper-nickcl alloys, S7-8 
magnesium alloys, 225 
materials resistant to 7SS7’ 
steel. 133 
Chromium. 824—9 
coatings 817 
effect IQ steel, 140 

Chromium-iron allo} s 143—150 
compositions heat treatment and proper 
ties 140 7T 
creep strength, 0437’ 
effects of. alloy additions, 14S-9 
sihcoQ, 004-7 

fabrication and heat treatment 144 
high temperature corrosion 640-64 
high-tcmperature strength, 042 3 
oxidation, 646 
passivitj of, 24-5 
phjsical properties, 144 
pitting of, 105 
poteotiafs of in VaCf, 2rF 
rciiatance to, acida, 145-8, HST 
air, high-temperature, 644-0, 662-4 
alkalies 14SPiV 

ammonia, high-tcmperature, 657-S 
atmospheric corrosion, 149-50 
gases, exhaust, 659-61 
Sue 661 2 

hot carbonaceous 055-7 
hot sulfur compounds, 647-54 
hydrogen high-tcmperature, 057 S 
metaU, molten, 658 9 
nitric acid, 1447’ 
oxygen high-temperature, W6 
petroleum products, high-temperature 
651 5 
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Chromium-iron alloys, resistance to, salts, 
molten, 058-9 

stress corrosion cracking, 178-81 
water spray, 28F 
uses, cutlery, 145 
tool steels, '145 

Chromium-aluminum-iron alloys, high-tem- 
peratui e corix)sion, 667-70 
Chromium-manganese-ii on alloys, 188—93 
compositions, 188 
effect of, oaibon content, 190 
nitrogen content, 190 
general coiio^ion pioperties, 188 
high-tempei ature coriosion, G62 
intergranular coriosion, 191 

effect of columbium and titanium, 
191-2 

mechanical properties, 1897’ 
resistance to, aqueous media, 189-91 
atmospheric coriosion, 192-3 
nitric acid, 1897’, 1907’, 1917’ 
Chromium-manganesc-nickcl-iron alloys (see 
Chromium-manganesc-iron alloys) 
Chromium-nickel-iron alloys, including 18-8, 
150-G5 (see also Nickel-chromium, 
and Nickcl-clnomium [-iron] alloys, 
high-temperature) 
carburizing tests, 6577’ 
compositions, 150-2, 1150-27’ 
cieep strength, 0437’ 
crevice (contact) coriosion, 155-9 
design strength, high-temperature, 643F 
effect of, alloying elements, 1007’ 
carbon content, 160 
cold work, 159-60 
manganese content, 160, 602 
pH, 152 

silicon content, 160, 662 
galvanic coirosion of, 159 
high-temperatui e corrosion, 640-G4, 683- 
99 

high-temperaturo sti ength, 642 3 
intergranular corrosion, 161-4 

effect of columbium and titanium in 
preventing, 163-4 
mechanical properties, 1517’ 
oxidation, 646 

oxide layer, characteristics of, 046 
passivation of, 158 
pitting of, 165-73 
properties, high-temperature, 640 
resistance to, air, high-temporatuie, 644-6 
ammoAia, high-tempei ature, 657-8 
atmospheric corrosion, 161-5 
carbon dioxide, high-temperature, 640, 

oisr 


Chromium-nickel-iron alloys, resistance to, 
gases, 155, 1577’ 
exhaust, 059-01 
flue, 601-2, 091-5 
hot carbonaceous, 055-7 
hot sulfui compounds, 0-17-54 
hydrogen, high-temperatuie, 657-8 
metals, molten, 058-9 
non-aqueous media, 1577’ 
organic compounds, 1577’ 
oxygen, high tempei ature, 040 
petroleum products, high temperature, 
654-5 

salts, molten, 658-9 
steam, 511-20 
various media, 1547’ 
stress corrosion cracking of, 174—82, 571 
types and designations, 1150-27’ 

16-2 alloy, 182-8 

geneial coriosion piopeities, 183-5 
nitrogen content, 188 
resistance to, nitric acid, 1837’ 
salt spray, 184, 186-77’ 
steam, 185 
water, fresh, 184 
sea 184-5, 1847’ 
specifications, 1837’ 
tempering, 185 

Chromium-silicon-ii on alloys, high-tempei a- 
ture coi I osion, 664-7 
Chromizing (see Coatings, Ci , diffusion) 
Citric acid group cliomicals, matoiials lesis- 
tant to, 760-617 

Clad steel, 824 (sec also Coatings) 

Clad aluminum (see Aluminum and Alumin- 
um alloys) 

Cleaning corrosion specimens, 1077-83 
Coatings, aluminum, high-temperature cor- 
rosion (see Aluminum-iron alloys) 
anodic, for aluminum alloys, 55, 857-61 
for magnesium alloys, 862 
for zinc, 862 

baking finishes, definition, 883 
bituminous, 898—902 

resistance to, atmospheric corrosion, 
898-9 

soil corrosion, 403-5, 899-901 
water corrosion, 899 
uses, roofing, 899 
tanks, 901-2 
cadmium, 837—46 

resistance to, atmospheric coTosion, 
838-41 
gases, 841 

humidity tests, 844 
liquids, 841-3 
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Coatings, cadmium, resistance to, salt spray, 
843-4 

specifications 845 
cathodic corrosion at pores, 817-S 
concrete (cement), for fresh water, 505 
chromate, on magnesium alloys, 8G4-7 
on 2inc, 862 4 
chromium 817—29 
application of, 818 
corrosion resistance, 824-5 
diffusion coatings, 829 
effect of, basis metal, 819 20 
copper layer, 821 
thicfcne'S 821-2 

high-temperature corrosion, 825-8 
protectn e ' alue, 818-9 
copper, effect on nickel and chromium 
plate 821 

decorative, protective value, 818-9 
specifications 823-4 
enamel, vitreous 872-8 
grease, soil corrosion, 403 
slushing compounds, 910-23 
inorganic 887—78 
load 845-87 

application of, 845 0 
effect of cold rolling, 885-7 
humidity testa, 853-4 
oil and wax coatings for, 857 
on copper 857 
porosity, 846 

re«istance to, atmospheric corrosion, 
84G-9 

salt spraj 854-5 
soil corrosion, 849-53 
specifications 857 
metal spray 50, 824 
metallic. 803-57 
soil corrosion, 460-2 
nickel, 817-29 
alloy, 824 
application of, 818 
cladding on steel 824 
effect of, basis metal, 819-20 
copper layer, 821 
protect!! e v alue, 818-9 
sprayed, 824 

organic, 878-905 (are aUo Paints, Lac- 
quers, Enamels) 
adhesion and cohesion, 882 
apphcabilitj and service life, 883-4 
film continuity, 879 
for aluminum alloy's 55 
permeabilitv', 879 81 
resistance to sea water, 430-33 
o\idc, 871 {see also Coatings, anndu) 


Coatings, phosphate, 867-71 
as base for paints, 808-9 
rubber, 902-5 

butadiene deriv atives, 904 
butyl. 904 
chlorinated, 903 
isomerued, 903 
natural, 903 
polysulfide, 905 

temporary (slushing compounds), 916-23 
application of. 920-2 
preparation of surface, 919-20 
testing, 921-3 
theory of additives, 918 
types 917-9 
uses 916-7 
tin, 829-36 
application, 829-31 
poro«ity, 831 
uses, cans, 831-6 
zinc. 803-16 

protection for steel m atmo«pheT0, SOS 

nr 

resistance to aqueous solutions, 813 14 
atmosphenc corros'on 803 13 
soil corrosion, 460-2 814-16 
Cobalt alloys 57-9 
compositions ^7T 
effect of velocity, 59 
erosion resistance, 58-0 
resistance to air, high-temperature, 618-9 
ammonia, high-temperature, 619 
aqueous solutions, 58r 
atmospheric corrosion, 59 
hydrogen high-temperature, 619 
salts, molten, 619-20 
steam. 619 

uses in human body', 59 
valves, 620 

Cold work, effect on corrosion of. aluminum 
alloys, 48 

chromium-nickel-irOQ alloys, 159-69 
577P 
copper, 67 

magnesium alloys, 239-41 
mckel, 577F 

uwkel-copper alloys, S77F 
steel. 138 

Colmonoy (see Nickel-chromium alloys) 
Columhium, 61—2 

effect on intergranular corrosion, 163-4, 
191-2 

resistance to, air, high-temperature, 630-1 

62 or 

acids, 60 

atmospheric corrosion, 61 
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Columbium, resistance to, gases, high-tem- 
perature, 621 T 

various media, WT [549-51 

Concentration cell corrosion, in condensers. 
Condenser-tube ailoys, phj’^sical and mechan- 
ical properties, 656-72’ 
specifications, 540r 

Condenser-tube corrosion, 645-59 (see also 
Copper-zinc alloys) 
cold wall effect, 554-5 
concentration cell corrosion, 549-51 
dezincification, 551 
effect of, stress, 555 
temperature, 551-5 
velocity, 545-9 
galvanic effects, 555 
hot-wall effect, 551—4 
impingement attack, 545-9 
designs to avoid, b‘^7F 
Condensers, materials for, 555-9 
Constantan (see Copper-nickel alloys) 
Constants, miscellaneous, 11322’ 
physical, of elements, 1127-312’ 

Contact corrosion (see Crevice corrosion) 
Conversion factors, corrosion units, 1160- 
612’ 

general, 1157-602’ 
temperature, 1153-6r 
Copper, 61-9 
composition, 622’ 
effect on tarnishing, 14FiV 
' corrosion fatigue, 67, 5862’ 
effect of, arsenic content, 67 
cold work, 67 

effect on, magnesium alloys, 235-9 
steel, 140 

atmospheric corrosion, 121-2 
embrittlement by hydrogen, 629 
galvanic coiTosion, 66-7 
impingement attack, 66 
lead coatings for, 857 
oxidation, 621—4 

cyclic, and reduction, 630 [621-2 

dissociation pressures for copper oxid6s, 
effect of, crystal habit, 623 
crystal orientation, 34 
rate, 623-4 

effect of moisture, 15 
rate eonstant, 18 
patina, 67 

potential behavior, 65 
in lo’drochloric acid, 60F 
properties, 622’ 
red stain, 630 

resistance to, acids, inorganic, 64-6 
alkalies, 64-6 


Copper, resistance to, ammonia, higli-tem- 
perature, 629 

atmospheric corrosion, 67-8 
carbon dioxide, 63-4 
dissolved, 62-4 

hydrogen, high-temperature, 629 
lubricants and oils, 567 
organic compounds, 66 
oxygen, 62-4 

dissolved, 62-3, 65J7 
high-temperature, 623-4 
refrigerants, 66 
salts, 64-6 
soils, 67 
steam, 520, 527 

impingement attack by, 83-4 
steam condensate, 64 
sulfur, 66 

sulfur compounds, 66, 567 
high-temperature, 628-9 
in lubricants, 567 
water, fresh, 62-4 
sea, 64, 3942’ 

tarnishing, effect of, composition, 14f’A^ 
surface, 15 

Copper alloys, effect of stress, 571 
oxidation, 624-7 
protection, 627 

resistance, to, ammonia, high-temperature, 
629-30 

gases, hot carbon compounds, 628 
hot halogens, 630 
hot sulfur compounds, 628 
hydrogen, high-temperature, 629 
phosphorus, molten, 630 
soil corrosion, 452-3, 4572’ 
steam, 520 

water, sea 393-402, 4052’ 
Copper-beryllium alloys, 110-2 
composition, 110 
impingement attack. 111 
intergranular attack, 110 
physical constants, 110, 1117’ 
potential in seawater, 112 
resistance to, acids, 112 
water, sea. 111 
tensile properties, 1112’ 

Copper-nickel alloys, 85-95 (see also Nickel- 
copper alloys) 
compositions, 85 
corrosion fatigue, 94 
effect of stress, 93-4 
velocity, 93 

galvanic corrosion. 93 ' 

impingement attack, effect of alloj-ing 
additions, 94 
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Copper nickel alloj s metallurgical factors 94 
oxidation rate 676F 
passmty of 30 
resistance to acids 87 9 
organic 88 9 
alkalies 89 9Q 
atmospheric corrosion 95 
black (paper) liquor 90 
chlorinated soKents 92 ST* 
chromates 87 8 91-2 
cupric salts 87 91 
ethjl acetate 93 
feme salts 87 91 
Ra«es 94 5 
hydrogen sulfide 85 
mercaptides 90 
metals molten 03 
organic acids 88-9 897* 
organic compounds 92 3 
salts 90 2 9ir 
steam 95 

steam condensate SOT* 

•ulfides 90 
water boiler SO 
fresh 8o-G 
«ea SO 7 3997 
u«es condensers 5oS 9 
Copper*siIicon allo>» 104>10 
compositions lOo 
effect of eilicoo content 1067 
pb}*sical constants 1047 
resutance to acids 107 8 
acetic 1087 
olkabes lOS 

atmospheric corrosion 109-10 
gases 109 

organic compounds 109 
salts lOS-9 
steam 109 
water fresh 105 
mine 106 
sea 10o-6 39o7 
stress corrosion cracking 110 
tensile strength 1057 
Copper^trip test 1037 
Copper-tin alloys 96-103 
compositions 96 
corro'ioa fatigue 101 

corro'ion products periodic formation of 
103 

eEFeet of stress 101 
velocitj 100 
gah amc corrosion 100-1 
resistance to acids 97 9 
alkalies 99 

atmospheric corrosion 102—3 


Copper tin alloj-s resistance to atmosphenc 
corrosion corrosion products 103 
Waek (paper) bquor, 99 
chromates 98 
fattj acids 99 
gases 101-2 
organic compounds 101 
salts 99-100 
steam 102 

sulfite process liquor 98 
water fresh 96-7 
sea 96-7 398 7 4007 
uses 96 

Copper-amc alloj’s 69-85 
composition C97 
cremce corrosion 82 
deriDcification 69 70 551 
effect of allojang 70 
in sea irater 71 2 393 
effect of mineral scales 71 
stress 77 81 555 570-1 
\elocit> 76 7 645 
gall anic corrosion 77 
impingement attack 76-7 545 
bj steam 83 

metallurgical factors 81 2 
patina 84 
protection 83 
resistance to acid? 74 5 
orgamc 75 
alLabes 7o 6 

atmospheric cottosioh 84-5 
gases S2-4 
<li»SQUed 70-1 
orgamc compounds 76 
sails 74 
soil 82 
steam 83-4 
sulfur dioxide 82 3 
water boiler 73—4 
fresh 71 
mine 74 
sea 71 3 393 7 
pitting m 73 393 7 
soft 73-4 
season cracking 77 
uses condensers 536-S 
Corronizing (see Coatings mckel alloj 813 
824) 

Corrosion defimtion 3 (geenfso Olo-'-sarj) 
mechanism of 3—11 

high temperature 11-20 
reactions free energy of 1142 3T 
types of illustrations 1103 10 
Corrosion fatigue 578—91 (see also Tests 
laborator} corrosion fatigue) 
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Corrosion fatigue, effect of crystal orienta- 
tion, 35 

evidence of, 581-2 
illusti ation, llOGF 
inliibitors to prevent, 589-90 
in steam, 588 
limits, 582-7 
definition, 992 

of non-ferrous materials, 58fiT 
of steel in waters, fiSir, 5S5T 
natuie of, 578—81 
notch effect from, 587-8 
of aluminum alloys, 48, 586? 
of copper, C7, 586? 
of copper-nickel alloys, 94, 586? 
of copper-tin alloys, 107 
of magnesium alloys, 234-5 
in atmosphere, 249 
of nickel, 586? 
of nickel-copper alloys, 586? 
of stainless steels, 584? 
of steel, 583-90 
of zinc, 339 
prevention of, 588-90 

Corrosion Assuring, of copper-nickel alloj’’s, 
95 

Corrosion potential, definition, 482, 484?, 
1040 

Corrosion i eactions, spontaneity (free energy) 
of, 1142-3? 
typos of eontiol, 486 
Corrosion-resistant anodes (see Anodes) 
Corrosion units (see also Pi eface) 
conversion factors, 1160-1? 

Corrosiron (see Silicon-iron alloys) 

Cracking of oxide films, 13 

(see also Stress corrosion, and Tests, labor- 
atory, stiess corrosion cracking) 
season cracking, 77, 1108F ' 

Crevice (contact) corrosion, 82, 172, 550 
effect of inhibitors, 10 
of chromium-nickel-iron alloys, 155-9 
of copper-zinc alloys, 82 
prevention, 158 

Crystals, corrosion of single, 34 
Crystal orientation, effect on corrosion fatigue, 
35 

variation of corrosion with crystal face, 
34-5 

Cutlery, chromium-iron alloys for, 145 

Deactivation, 506 
De,aeration, 507 
Denison cell, 1039P 
Deposit attack, 550, 1106F 
Dczincification, 69—70 


Dezincification, effect of allojdng, 70 
in sea water, 71-2 
of condensers, 551 
plug-type, 70, 1108F 
tests (see Tests, laboratory, brass) 
uniform layer type, 69-70, llOSF 
Dichromates (see Chromates) 

Diffeience effect, 482 

Differential aeration, effect on, condenser 
tubes, 549-51 
steel, 126-7 

Diffusion coatings, aluminum, 638-40 
chromium, 829 
nickel-tin, 824 
nickel-zinc, 813, 824 

Dissociation constants of electi oly tes, 
1140-1? 

Durichlor (see Silicon-iron alloj^s) 

Duriron (see Silicon-iron alloys) 

Economizer coriosion, 524-6 
Electrical heating alloys, 694-S 
Electrochemical attack, 4-0 
definition, 4-5 
mechanism of, 5 
proof of, 6-7 

Electrochemical eciuivalents, 1133? 
Electrodes, standard reference, 930-1, 11377’ 
Electrographio test (coatings), 1034 
Electrolytes, dissociation constants of weak, 
1140-1? 

ion acti\aties of weak, 1148-9? 
Electromotive force (Erof) series, 1134? 
Elements, physical constants of, 1127-31? 
Embrittlement, caustic (see Embrittlement 
in boilers) ‘ 

detector, 532-3 
in bodors, 531-5 
of columbium, 60, 621? 
of tantalum, 321, 721-2 
of zirconium, 348FA^ 

Enamels, baking, 890-97 
defim'tion 883 
vitreous, 872-8 
Erosion (sec also Cavitation) 
definition, 3 

Everdur (see Copper-silicon alloys) 

Fatigue (see also Corrosion fatigue) 

failures due to fretting corrosion, 590-2 
of bolts, 593 

Fatty acid group chemicals, materials resis- 
tant to, 762-3? 

Fatty acids, resistance of, copper-nickel 
alloj's, 89 

copper-tin alloys, 99 
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Fatty acids, resistance of, copper-*mc alloj’s, 
nickel, 200 

nickel-copper alloys, 273 
nickel-chromium alloj-s, 2S7 
steel 141 F 
tin 325 

Feme salts resistance of, copper-nickel 
alloj s 87 

copper tin alloys. 98 
copper-zinc allojs, 75 
steel 132 
stainless 153 
rerroxjiteat 1033 

films and passmty, 20-33 [19 30 

equations for porous and non-porous, 
oxide, growrth of, 11-3 
oxide and tarnish, permeability of, 1 1-2 
thickness of, by cathodic reduction, 984 
Fineness of gold, definition, 113 
Flue gases (see Gases, fiue) 

Fluorine (eee Halogen gases, higb-tempcra' 
ture, and Gases) 

Forms of corrosion, illustrations. II08-I0F 
Fouling 433*41 (eee aUo Anti-foulmg) 
attachment, 439-40 
efieet of, color on, 430 

copper ion concentration, 419 
corrosion products, 439 
ocean currents, 437 9 
protective coatings, 440 1 
seasons, 437 9 
surface, 439 
temperature 437 
velocity, 439 
effect on corrosion, 440 I 
organisms, distribution, 435-0 
film-forming. 435 
motile 434 

seasons and attachment, 43SF 
semi motile, 434 
sessile, 433-4 
water, sea, 419 29 

Free energy of corrosion reactions, 1142T 
Fretting corrosion, 690—7 
and hardness 596 
and lubrication, 596 
and stress, 596-7 
and welding 595 

bearing surface destruction due to, 594 
bolt fatigue failures due to, 593 
^ destruction of protects e films by . 594-5 
fatigue failures due to, 590-2 
losa of dimensional accuracy due to, 592-3 
slipping, 596 
susceptibility’ to, 595 


Fruit juices, resistance of. nickel, 201 F 
mctel-copper alloys, 27GT 
steels, stainless, 154r 

Galvanic corrosion, 481-95 (see also Tests, 
laboratory, gah anic) 
anodic control, 4S6 
cathodic control, 4S6 
definition, 481-2 
difference effect. 493 
diffusion control, 487 
dutributiom 491-3 
effect of, cathode material, 489 91 
rclatite areas, 487 9 
fundamentals 481-96 
galvanic current and cathode area 
493 

graphic estimation of currents, 483-5 
inhibitors for. 915-6 
in sea water, 418 9, 429-6F 
with paints 432^ 

internal resistance calculation of. 4S5 
Kirchhoff s law 482 3 
limiting gaU ante current 483 
limiting rules 493 
mixed control, 486 
of alusmniiTn. 48, 498T 
ID atmosphere 53 
orcbronuum*nickel-iron alloys, 150 
of condensers. 5S5 
of copper 66-7 
of copper>mckel alloys, 93 
of copper-tin alloys, 100-1 
of copper-zinc aUoys, 77 
of lead, 213 

of magneaium, 228r, 490r, 228-31 
in atmosphere, 246-7 
inhibitors, 23L 
of silicon-iroQ alloys, 204 
of steel, 136-7 
of steel, stainless, 159 
in '«a water, 415-8 
of zinc, 339 

in atmosphere, 346 
IioIarizattOD, 4S3 

potential of corroding metals, 482 
protection against. 495-6 ' 

cathodic protection, 496 
inhibitors, 495-6 
insulation, 495 ' 

painting, 495 

relation of galvamc current to, 4S5-7 
resiiitance control 487 
Galvanic series, definition of (see Glossary) 
in «ea water, 416T 

Galvanized coatings (see Coatings, zinc) 
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Galvanized pipe, soil corrosion, 461-27’, 
814-5 

Gases, acid-forming, materials resistant to, 
787-89 T 

Gases (refer also to specific gas) 
resistance of, aluminum alloys, 49 
cadmium coatings, 841 
cliromium-nickol-iron alloys, 155 
copper-nickel alloys, 94-5 
copper-silicon alloys, 109 
copper-tin alloys, 101-2 
copper-zinc alloys, 82-4 
lead alloys, 213 
magnesium alloys, 242-3 
nickel, 265 

nickel-chromium alloys, 293 
nickel-copper alloys, 280 
ijickel-molybdenum alloys, 298 
silicon-iron alloys, 204 
silver, 319 
steel, 142-3 
tantalum, 323 
zinc, 340 

solubility in water, 1146-77’ 

Gases (dissolved), resistance of, aluminum 
alloys, 417’, 427’ 
copper-zinc alloys, 70-4 
zinc, 332-5 , 

Gases (exhaust), resistance of heat-resisting 
alloys, 059-61, 001-2 
valve alloys, 739 

Gases (flue), resistance of, nickel-chromium- 
iron alloys, 001, 691-4 
typical composition, 0937’ 

Gases (high-temperature), resistance of, 
aluminum alloys, 017 
I columbium, 02ir 
copper alloys, 628 
gold, 715 

heat-resisting alloys, 047-54, 055-7 
magnesium alloys, 674-5 
nickel alloys, GSl-2, 679 
nickel-chromium and nickel-chromium- 
iron alloy •wires, 098-9 
platinum group met.als, 715 
silver, 719-20 - 
steel, 035 

effect of velocity, 035 
Gasoline lines, inhibitors for, 501, 914 
Ghass, 354-9 

compositions, 3547’ 
phosphorus, 357 
physical properties, 3507’ 
resistance to, aqueous solutions, 3557’ 
sodium carbonate, 3557’ 
sodium hydroxide, 3557’ 


Glass, resistance to, steam, 3557’ 
silica, 357-8 
vitreous, 358-9 

weight losses on heating, 3577’ 
Glass-working machinery, platinum group 
metals for, 715-0 
Gold, 112-9 (see also Gold alloj^s) 
anodic corrosion, 117 
corrosion characteristics, 114-7 
passivity, 117 

resistance to, gases, hot carbonaceous, 715 
halogens, higli-temperature, 710-4 
hydrochloric acid, high-temperature, 
714-5 

hydrogen, higli-tempefaturo, 709-10 
phosphoric acid, high-temperature, 715 
sulfuric acid, high-temperature, 707-9 
sulfur dioxide, high-temperature, 708 
various media, 115-77’ 
uses, 112-3 
Gold alloys, 112—9 

corrosion characteristics, 117-9 
effect of, copper, 113—4 
nickel, 114 

palladium and platinum, 113 
silver, 114 

fineness, definition, 113FA^ 
nitric acid spot test, llSFfV 
ordering, 113-4 
oxidation, 099-700 
parting, 118 
reaction limits, 1187’ 
tarnishing, 118 
uses, 112-4 
Graphite (see Carbon) 

Graphitic corrosion, 139, 198 
• definition, (see Glossary) 

Halogen gases, high-temperature (sec also 
Gases) 

resistance of, copper alloys, 630 
gold, 710-14 
nickel-alloys, 681-2 
platinum, 711—4 
steel, 142-3 
various metals, 0827’ 

Hastelloys (see Nickel-molybdenum alloys) 
Heat-resistant alloys (sccalso Chromium-iron, 
Chromium-nickcl-iron, and Nickel- 
chromium (-iron) alloys, high-tem- 
perature 

applications, 738-97’ 
compositions, 740-37’ 
designations, 1151-27’ 
high-temperature corrosion, G40-664, 729- 
437’ 
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Magnesium aUojs, chromate coatings, 864-7 
compositions amd properties, 21!>r 
corrosion fatigue, 234 5 
deaignatious 2197 

effect of, aluminum content on oxidation, 
672F 

cold work, 239^1 
copper content, 235-9 
heat treatment, 239-41 
won content, 235-9 
nickel content 235-9 
stress 231-4, 232/’, 233F. 234/’, 235/*. 
572 3 

temperature 21S-21 
on oTidation, (j7\F 
time of exposure, 218 
1 elocitj 228 
sine on oxidation, 673F 

22S-3! SDST.-iSOT 
effect of inhibitors 231 
high'teraperature corrosion, 676-6 
protection of, 241-2 
resistance to. acids, 225 
organic 223. 2207 
olkabea, 223-6 

atmospheric corrosion, 243-62 
corrosion fatigue^ 249 
effect of humidity, 243 
effect of pollution 245-6 
gaU amc effects, 240-7 
high-temperature, 670-3 
indoors, 243 
Taarme atmo«ph6re, 24G 
metallurgical factors, 230-1 
outdoors, 244 
protection, 251-2 
carbon dioxide, dissolved, 218 
high-temperature, 673 
■ gases 242-3 

high-temperature, 074-5 
protection 674 

organic compounds, 226-7, 227T 
non-atiueous. 242 
ox>gen. dissohed, 218 
high-temperature, 670-3 
salts, 221-3, 2237 
steam, 674 

sulfur dioxide, high-temperature. 673 
water, fresh, 2227 
sea, 223, 406 13, 4127 

effect of heat treatment and paint- 
ing, 2347 

tolerance limit, 2217A^ 

Manganese, effect in, chromium-nickel-iron 
alloys, 160 
nickel allots, 075-S2 


Manganese, effect in, steel, 140 
Mercury, resistance of, aluminum, 618 
nickel, 264 

nickel-copper alloys, 279 
test for br^, 1013 
Kfetals, molten, pots for, 7357 

resistance of, aluminum alloys, 617-8 
heat-resisting alloys, C58-9 
nickel alloys, 682 

Methyl alcohol, resistance of, aluminum 
alloys, 49 
magnesium, 242 

Microbiological corrosion, 466-'81, 497 
deffnition. 466 
Micro-organisms, 466—81 
aerobic, 468 9 
sulfur oxidizing, 478-80 
anaerobic 467-8 
metfiane I'crmenfatioa, 4!"$ 
nitrate-reducing, 477-8 
sulfate-reducing 467, 469-77 
effect on, corrosion. 460-7 
steel 126, 497 
iron bacteria. 4S0-1 
miscellaneous 4S1 
sulfur bactcni, 4S0 
Mdl «c&le, effect on. icon. cottasLao, & 
steel ID sea xrater, 388-9 
Molybdenum 252-3 
resuitance to scids 2337 
^toly*bdenum•lron allovs, passnity’ of 28 0 
Molybdenum-nickel iron alloys (see aUo 
Nickel-molybdenum alloya) 
passivity of, 28-30 
Monel (see Nickel-copper alloys) 

Muntz metal (see Copper-zinc alloys) 

N.D H a Corrosion Tester, steam conden- 
sate, 544 

Neoprene (see Rubber) 

Nickel. 253-66 

effect in magnesium alloy's, 235-9 
effect of stress. 264-5, 5777 
high-temperature corrosion, 675-83 
by' sulfur, illustration of, 11097 
oxidation effect of addition elements o'! 
6777 

resistance to, acids 256-9 
organic, 260-1 
alkalies, 262 

atmospheric corrosion 265-6 
chlorinated solvents, 264 2657 
food products, 261 
gases, 265 

hydrogen sulfide, 259 
mercury, 264 
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Nickel, resistance to, salts, 262-4, 2637* 
steam, 520, 679, 824 
steam condensate, 254 
water, carbonated, 254 
distilled, 2563’ 
fresh, 254 
mine, 254, 2567' 
sea, 254-6, 402, 4077’ 

Nickel alloys, high-temperature (see also 
Nickel-chromium (-iron). alloys, 
high-temperature) 
compositions, 6767' 
cyclic oxidation and reduction, 682 
effect of stress, 573-4 
high-temperature corrosion, 675-83 
limiting serrdee temperatures, chlorine 
and hydrogen chloride, 6827’ 
sulfurous and sulfur-free atmospheres, 

680r 

oxide, spalling of, 678 

' resistance to (high-temporature), air, 676- 
9, 096^ 

carbon dioxide, 679 
carbon monoxide, 679 
gases, 6S1-2 

hot sulfur compounds, 679 
metals, molten, 682 
oxygen, 676-9 
salts, fused, 682-3 
steam, 679 

uses: thermocouples, 678-9 

Nickel-chromium alloys, 281-94 (see also 
Nickel-chromium (-iron) alloys, 
high-temperature) 
compositions and properties, 2817’ 
effect of stress, 291-2, 577F 
resistance to, acetic acid, 2897’ 
acids, 283-90 
organic, 287-90 
alkalies, 290-1 
atmospheric corrosion, 293 
gases, 293 

hydrogen sulfide 283 
salt solutions, 291-3, 2927’, 2937’ 
steam condensate, 282 
water, boiler, -282 
fresh, 282 
mine, 282-3 
sea, 283, 402, 4097’ 

Nickel-chromium (-iron) alloys, high-tem- 
perature, 683-99 (see also Chrom- 
ium-nickel-iron alloys [including 
18-81) 

effect of, alloy additions, 695-S ' 
theory of, 697 
chromium, 696F 


Nickel-chromium (-iron) alloys, effect of, 
silicon, 696F 

resistance to, air (oxidation), 683-91, 730- 
27’ 

gases, flue, 661, 691-5 
hydrogen sulfide, 689-91 
sulfur dioxide, 689 
uses, electrical, 694-8 
wires, effect ,of hot gases, 698-9 
Nickel-copper alloys, 266-81 

compositions and properties, 2677’ 
effect of stress, 279-80, 577F 
liigh-temperature corrosion, 675-83 
passivity of, 30, 31 F 
resistance to, acids, 270-4 
organic, 274-6, 275T 
sulfuric, 270—1, 960F 
alkalies, 276 

atmospheric corrosion, 280-1 
carbonic acid, 2697’ 
fruit juices, 2767’ 
gases, 280 
mercury, 279 
salts, 276-9, 277-87’ 
steam condensate, 268-9 
water, boiler, 268 
carbonated, 268 
distilled, 268 
fresh, 268 
mine, 269 

sea, 269-70, 402-3, iOiT, 4087’ 
Nickel-iron alloys, 194-200 
resistance to, acids, 194-8 
sulfuric, 30F, 194^6 
alkalies, 198-9 
atmospheric corrosion, 200 
salts, 194-6 
various media, 197-87’ 
water, well, 1997’ 
rust characteristics, 2007’ 
stress corrosion cracking, 199 
Nickel-manganese alloys, high-temperature 
corrosion, 675-83 
Nickel-molybdenum alloys, 294-8 

composition of commercial alloys, 2947’ 
intergranular corrosion, 298 
metallurgical and mechanical factors, 
296-8 

passivity of, 28-30 

resistance to, acids, mineral, 295-6, 2977’ 
organic, 2987’ 
sulfuric, 29F, 296F 
alkalies, 290 
gases, 298 
salt solutions, 296 
sea water, 403, 4097’ 
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Ni Resist (see Cast iron nickel) 
n/8 rule 27 

Nitric acid resistance of aluminum alloys 
43 4 

chromium iron alloys 1447’ 148r 
chromium manganese-iron allots ISST* 
190T 19ir 

chromium mciel iron aUoj-a 16 2 alloy 
183T 

IS-Salloj laOr 160-ir 10187* (cast 
alloj) lo-ior 
copper nickel allois 88 
copper tin alloj s 97 
copper zinc alloj s 74 5 
moljbdenum 2537* 
njekel-cbromium alloj s 287 2887* 
nickel moljbdenum alloj 3 2977* 
steel 133-4 
tunestcD 3307* 

spot test for gold alloj s 118PV 
theorj of attack bj 8 
test see Tests laboratorj stainless steels 
>iitric acid group chemicab materials resis- 
tant to 772-57 
Nitriding container^ “Sor 

Nitrites os inhibitor in petroleum lines 501 
9U 

passxi ating action of 31 
Nitrogen effect in chromium manganese- 
ironalioj's 190 

chromium mckel tron alloys lG-2 alloy 
ISS 

18-S alloy ICO 109 
steel 140-1 

solubihtj in sea water 11107* 
water 11467 

Notch effect from corrosion 58" 8 

033 lubncating resistance of indium alloj-s 
119 

Open-circuit potential 482 
Ordenng of gold-copper alloj's 113-4 
Organic acids resistance of alumimim alloj's 
46P 45-6 49 

copper nickel alloj-s 88-9 89T 
copper tin 31105*8 99 
copper zinc aUoj-s 75 
lead alIoj*s 2I2 3 

magnesium alloj*s 22o 2267 200-1 
mckel-chromium alloj s 287 90 2907 
nickel-copper alloj-s 27o7 2‘'4-6 
mckel molybdenum iron alloj-s 2987 
steel 134 
tm 32o 

Organic compounds, resistance of aluminum 
alloj’s 45 6 49 


Orgflmc compounds resistance of chromium 
nickel iron alloys 1577 
copper 66 

copper mckel alloj^ 92 3 
copper-silicon alloj s 109 
copper tin alloys 101 
copper zme alloj^ 76 
magnesium allays 226-7 227T 
in non aqueous 243 
«ilier 3177 
steel 141 2 
tm 327 
zinc 338 

m non aqueous 339-40 
Csmium 311-2 

general corrosion resistance 31*^7 
oxidation 70a-6 

resistance to phosphoric acid high tem 
perature 715 

sulfuric acid high temperature 70 9 
Ovcrsoltage \ alues for hydrogen 1144 57 
Otidadon effect of enwonment 15 
lattice structure 13 
metal composition 14 
metal onentatioD 13 
metal properties 13-4 
metal surface 14 5 
moisture 15 
temperature 1C 
equations for lo-20 
fundamentals of 11-20 
internal illustration of lllOF 
of alunuoum alloj’s internal 617 
of aluminum iron alloys C3S-9 
of chromium 8‘’n-8 

of chromium aluminum iron alloj s CCS 
70 

of ebronuum sihcoD iron allojs 664 " 
of cobalt alloj'* 618-9 
of columbium 620 1 
of copper 621-4 
effect of crj-stal habit C23 
rate 6*^-4 
rate constant 18 

temperature and pressure hmits for cop- 
per oxides C*’! 2 
of copper allojs 624-7 
protection against 627 
of copper nickel allojs rate 676F 
of gold 699-700 
of magnesium alloj’s 6 13 
effect of aluminum content C72F 
temperature G7ir 
zinc content 673F 

rrf nickel effect of addition eleracats 6"7 
of nickel alloys 676-9 
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Oxidation, of nickol-chromium and nickel- 
ckromium-iron alloys, 683-99, 
730-2r 

of platinum and platinum alloys, 700-5 
of silver, 718-9 
of steel, 632-5, 730-22’ 
of tantalum, 720-1 
of zinc, 722 
protection agaiirst, 20 
Oxidation rule of Pilling and Bedworth, 11 
Oxidation theory, electrolytic, 16-20 
Wagner’s, 16-9 

Oxidation-reduction potentials, 1135-72’ 
and pitting of 18-8, 1672’ 

Oxide coatings (see Coatings, oxide) 

Oxide films, growth of, 11-3 
permeability of, 11-2 
spalling, 13 

effect of surface, 13FN 
nickel alloys, 678 

' thickness of, by cathodic reduction, 984 
Oxygen, adsorbed, effect on passivity, 24 
dissolved, effect on, aluminum alloys, 41 
copper, 62-3 
lead, 4 

magnesium alloys, 218 
steel, 125-6 
zinc, 4 

maximum allowable in various waters, 
506 

high-temperature, resistance of, heat-resis- 
tant alloys, 646, 6842’, 6992’ 
magnesium alloys, 670-3 
nickel alloys, 676-9 
steel, 634P, 6462’ 
solubility in, electrolytes, 11472’ 
rvater, 11462’ 
sea w'ater, 11162’, 11172’ 

Paint, 884—90 

anti-fouling, 442-5 
corrosion by, 444 
evaluation of, 444-5 
formulation, 442-3 
inhibition of, 443 
toxics, 443 
vehicle, 443-4 

bituminous (see Coatings, bituminous) 
definition, 882 
for sea water, 430-3 
blistering. 430 
surface preparation, 431-2 
phosphate coatings as base for, 808-9 
pigments, rust-inhibiting, 887-90 
preparation of surface, 505, 895-6 
piimcr formulations, SS92’ 


Paint, uses, 880 
vehicles, 886-7 
Palladium, 304-9 

general corrosion behavior, 305, 3072’ 
oxidation, 705 
properties, 304-5 

resistance to, atmospheric corrosion, 308-9 
hydrogen, high-temperature, 709-10 
sulfur dioxide, high-temperature, 707 
sulfuric acid, high-temperature, 707-9 
tarnishing, 308-9 
uses, 305-7 
anodes, 306-7 

Parkerizing (see Coatings, phosphate) 
Parting, 118 

definition (sec Glossary) 

Passivators, 905—16 

definition, 908 (see also Glossary) 
theory of, 30—2 
Passive-active cell, 165 

Passive metals and alloys, properties of, 22-3 
Passmty, 20—32 

and sublimation energy,' 25-6 
and work function, 25 
by red lead, 31 
by sodium nitrite, 31 
by zinc chromate, 30-1 
definition of, 20-2 
destruction by, chloride ions, 32 
halogen ions, 22-3 
determination, 22, 980-1 
effect of adsorbed oxygen and interstitial 
hydrogen on, 24 
history, 22 
mechanism, 27-30 
of aluminum, 32 
of chromium-iron alloys, 24-5 
of chromium-nickel-iron alloys, 28 
of copper-nickel alloys, 30 
of iron and steel, 21, 20, 127, 130, 132 
of molybdenum-iron alloys, 28 
of molybdenum-nickel-iron alloys, 28 
of platinum, 304 
theories, 9, 23-6 

electron configuration, 23-0 
general discussion of, 32 
generalized film, 23 
in alloys, 27-30 
oxide film, 23 

Patina, definition (see Glossary) 
on copper, 07 
on copper-zinc alloys, 8-4 
Perbunan (sec Rubber) 

Permalloy (see Nickel-iron alloys) 
pH, effect on, aluminum alloys, 42 
cadmium, 842P 
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pH e7ect on chromium nickel iron alloys 
lo> 
iron 129 
lead alloj-s 211 
'ilicon iron alloj-s 201 
zinc 33o 

of water m tubercles 49" 

Pho phate coatings («e« Coating* pho phate) 
Phosphor bronze (see Copper tin alloys) 
Phosphoric acid resistance of aluminum 
alloys 43-^ 
copper nickel alloy* S8 
copper tin alloy* 93-9 
copper zinc alloi's "o 
molybdenum 'j 3T 
mckel 2a9 

nickel-chromimn alloys 2S67’ 287 
nickel-copper alloy * 273 2747* 
nickel mol bdenum alloys 2977* 
Fho'phorie acid high temperature resis- 
tance of gold 713 
osmium 71a 
platinum 71a 
rhodium "la 

Phosphoric acid group cheoucali matertala 
renstant to 783-77 
Phosphorus effect in bra-s 70 oal 2 
steel 140 

effect on atmospheric corro'ion 121 2 
molten resistance of copper allovs C30 
Physical constants of elements 1127-327 
miscellaneous con.tants US'*?* 

Pitklins acid inhibitors for d0»-13 
Pigments inhibits e S87 90 
theory of 10-11 30 
lead &SS 
zinc 8SS-90 

Pilling and Bedworth oxidation rule of 11 
Pipe hitununous coatings for 403-5 S99-901 
tests lOoS 

Pitting in soils 4ol calculation of max 
pit depth lOaO-2 
of boiler* 5“’!-^ 

of copper zinc alloys in sea water, 73 
393-7 

of steel in sea water 3SS-9 
of stainless steels 16a-73 

and contact {crc«ce) co”TO*ion 172 
avoidance 173 
conditions affecting 16G-8 
effect of alkalmitv 10" 
environment IGG-S 
mechanical nork 171 2 
metal structure 169 "I 
oxidation reduction potential IfPT* 
pH 169F 


Pitting in soils of stainless steels effect of 
temperature 167 
tesU 1727 1022 
theory of 16o-6 
Plastics 359-64 
properties 3627 37 

•distance to t anous chemicals 360-27 
3647 

Platinum 299-304 

general corro ion behavior 30’’ 3 3037 
oxidation 700-5 
passivity 301 
properties 299 

resistance to gases hot carbonaceous 715 
halogens hot 711^ 
hydrochloric acid high temperature 
714-5 

phosphoric acid high temperature 715 
salts molten 71G-8 
sulfur dioxide high temperature "0 
sulfurit acid high temperature "07 9 
ranous chenucaU 300-17 
uses 299 
anodes 303-4 

glass working machinery "la 6 
Platinum group metals 29^324 («ce also 
indindual metaL) 

Polarization 22 4S3 
definition (see Glossary) 

Polarograph 9»9-S0 
Porcelain 365 
coinpo-itions SGaP 

Potassium hydroxide resistance of alumt 
num alloy « 46 
copper nickel alloy* 90 
eleei 134 

Pofeotial corrosion 4S2 4347, 1040 
measurement of 978-87 
open-circuit 4S2 
standard 11347 1130-377 
tune curves 950 9S1P 933/* 
of paint coatings I0‘’9-30 
Protection against corro ion 803-950 (see 
also tvpc of protection in question) 

Reaction limits 1187 

Red brass (see Copper zme alloys and Con 
denser corro«ion) 

Refractories high temperature u«es 723—5 
fiesUious materials 890-7 
Hesuis acrylate 896 
alkyd 8^5 
mdamine 895 
phenolic 894 
urea 805 
Rhenium 314 
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Rhodium, 310—1 

general corrosion resistance, 3117' 
oxidation, 705 

resistance to, phosphoric acid, high-tem- 
perature, 715 

sulfuric acid, high-temperature, 707-9 
Roofing, bituminous coatings for, 899 
Rubber, 3G5-71 
chemical resistance, 370-17’ 
properties, 360-77’ 
uses, linings, 3697’ 

Ruthenium, 312—3 

general corrosion resistance, 3137’ 
oxidation, 706 

Salinity, definition of, 1111 
Salts, molten, resistance of, alloys for pots, 
736-77’ 

aluminum alloys, 617-8 
cobalt alloys, 619-20 
heat-resisting alloys, 658-9 
nickel alloys, 682-3 
platinum group metals, 716-8 
silver, 720 
steel, 636 

solutions (see also Water, sea) 
resistance of, aluminum alloys, 46-7, 
47 T 

chromium-manganeso-iron alloys, 189 
chromium-nickel-iron, 16-2 alloy, 184 
copper, 64-6 

copper-nickel alloys, 90-2 
copper-silicon alloys, 108-9 
copper-tin alloys, 09-100 
copper-zinc alloys, 74 
iron, 7-8 

lead alloys, 213, 854-5 
magnesium alloys, 221-3, 2237’ 
nickel, 262-4, 2637’ 
nickel-chromium alloys, 291, 2927’ 
nickel-copper alloj's, 276-9, 277-87’ 
nickel-iron alloys, 194-6 
nickel-molybdenum alloys, 296 
silicon-iron alloys, 204 
silver, 315-6 

steel, 130-2, 1327’, 636-8 
tantalum, 321-2 
tin, 326-7 

zinc, 336-8, 3377’, 977F 
Salt-spray test (see Tests, laboratory, salt 
spray) 

Saturation Index, 502 
relation to copper-zinc alloys, 71 
Sea water (see Water, sea) 

Season cracking, 77, llOSF 
Silica, vitreous (sec Glass) 


^ Silicon, 380 

effect on, chromium-iron alloys, high- 
temperature, 664-7 
chromium-nickel-iron alloys, 160 
high-tomperaturo, 602 
copper, 104-10 
steel, 140 

Silicon bronze (see Copper-silicon alloys) 
Silicon-iron alloys, 201—7 
compositions, 201 
effect of, pH, 204 
temperature, 202-3 
galvanic corrosion, 204 
general corrosion resistance, 201-2 
metallurgical factors, 201^5 
physical characteristics, 2017* 
resistance to, gases, 204 
hydrocldoric acid, 203F 
salts, 204 I 

sulfuric acid, 202F 
uses, 207 

Silicon-molybdenum-iron alloys, 205—7 
Silicone rubber (see Rubber) 

Silver and silver alloys, 314-20 

embrittlement, high temperatures, 719 
high-temperature corrosion, 718-20 
oxidation, 718-9 
■resistance to, acids, 315, 3167’ 
alkalies, 315-8 

atmosphere, high-temperd.ture, 718-9 
carbon monoxide, high-temperature, 719 
gases, 319 

high-temperature, 719-20 
organic compounds, 3177’ 
salts, 315-8 
molten, 720 

sodium hydroxide, 3177’, 720 
tarnish rate constant for, 18 
tarnishing, 14FA'’, 15, 319-20 
effect of moisture, 15 
protection against, 20, 319-20 
uses, 318-9 

Slushing compounds (see Coatings, tempo- 
rary, sldshing compounds) 

S-N curves, 992 

Sodium hydroxide, resistance of, aluminum 
alloys, 46 

copper-nickel alloys, 90 
copper-silicon alloys, 108 7" 
copper-tin alloys, 99 
glass, 3557’ 
magnesium, 2267’ 
nickel-copper alloys, 277 T 
nickel-iron alloys, 1997’ 
sfiver, 3177’ 
steel, 134-5 



1182 


INDEX 


Sodiutn nitrite (see Nitrites) 

Soil corrosion, 446^6 
definition, 446 

effect of soil, phj’sical properties, 45ir 
effect of soil acidity on repairs, 4507* 
protection against, 460-6 (see also Catbodic 
protection) 

■mth bituminous coating*, 463-5,899-901 
with cement mortar, 462 
resistance of, aluminum alloi’s, 50-1 
asbestos cement, 454 
asbestos pipe, 454 

coatings, bituminous, 463 5, 899-901 
^ease, 463 
lead. &49-52 
metallic, 460-2 
2 ine, 461-27’, 814-6 
copper, 67 

copper and copper alloys, 452, 457-87* 

copper-zinc alJoi**, 82. 457-Sr 

galvanued pipe, 461-27' 

lead 454 459r, 612 3 

steel. 451-2, 4557 

zinc. 454. 4b0r 

Soils, classification Mhitno diagram, 448F 
compositions 4497 
corro«i\e properties, 44^81 
groups, 446-51 
treatment, 465-6 
Solder Lead-tin al]o><) 

Solubilitj product constants, IISS 97 
)n sea water, 11107 
Spalling, defimtion (see Glossary} 
effect on wire life, 99S-1000 
of oxide and tarnish films, 13 

effect of surface Cun aturc 13FA'. 518 
on mclsel alloj'S, 670 

Specifications, for cadmium coatings, S44-5 
for coating®, decoratue, S22-4 
for coatings, lead. 856-7 
lor coadeaser tube alloj'S, 5467* 
for stamless «teel. 16-2 alloy, 1837 
Specimens, cleaning and preparation, 1077-83 
Spool-type specimen holder, 1053-6 
Spot test, nitric acid, for gold alloys, IISFA' 
Statistical methods, 1083-99 
Steam, 511-20 
corrosion fatigue in, 588 
corrosion rates of allojs 511 20, 733— 4T 
impingement attack in, 83 
wire drawing, 84 
in boilers, 535-7 

resistance of, aluminum alloys, 617 

chromium-iron and chronuum-mckel- 
iron allo>’s, 511-20 
16-2 alloj , 185 


Steam resistance of, cobalt alloys 619 
copper and copper alloys, 520, 627 
copper nickel alloys, 95 
copper-silicon alloys, 100 
copper-tm alloys, 112 
copper-zmc alloys, S3— 4 
glass, 3557 
magnesium alloys, 674 
nickel and nickel alloys, 520, 679 
824 

steels, 511-20, 733-47 
effect of, pressure, 511 
stre&s, 518 
surface, 518 
temperature, 512-5 
time, 511 

ts-pes of scales, 515--7 
Steam condensate. 538-44 
carbon dioxide attack. 538-9 
gases, solution of deleterious, 539-40 
measuring corro'ion b>, 544-5 
metals resistant to 542-3 
N D H A corroMon tester, 544 
ox>gen attack 538-9 
prei entioD of corrosion by. design of equip- 
ment 541 

treatment of 541-2 
treatment of boiler feed water 540-1 
remo%aI of insoluble deposits 543-4 
resistance of aluminum ailojs, 42-3 Si2F 
brass. 5427 
copper 64, 5427 
copper-nickel alloj*s, 867, 5427 
nickel 254 

nickel-copper allo>s, 268-9, 2S2 
steel 5427 

Steel. 125-43 (see also Iron) 
corrosion fatigue in steam. 5SS 
limits in, oil well brine. 5857 
fresh water, aSlT 
eBectvf, bactecta, 126, 466 
carbon content, 140 
chromium content, 140, 391-2 
cold work. 138 
copper content 121—4, 140 
differential aeration, 126-7 
heat treatment, 139-40 
manganese content, 140 
mckel content 121—4, 140-1 
nitrogen content, 140 
pH, 129 

phosphorus content, 121-3, 140 
elhcon content, 140 
stress, 137-8, 571 
sulfur content, 140 
temperature, 128 
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Steel, effect of, volocitj', 135-G 
in sea water, 390-1 
Kalvanic corrosion, 136-7 
high-temperaturo corrosion, 630—8 
effect of, alloying elements on, 035 
surface on, 631-5 
nickel-clad, 824 
welds in, 198-9 
open heartli ys. Bessemer, 139 
passivation, 127, 132 (see also Iron) 
resistance to, acids, 132-5 
organic, 134 
alkalies, 134-5 

high-temperature, 636-8 
ammonium hydroxide, 135 
ammonium salts, 131-2 
atmospheric corrosion, 120-5 
carbon dioxide, 127 
gases, 142-3 

high-temperature, 635 
lubricants, 568 
organic compounds, 141-2 
oxygen, dissolved, 125-6 
' salt solutions, 130-2, 1327’ 
high-temperature, 630-8 
salts, molten, 630 
soil corrosion, 451-2, 4557’ 
steam, 511-20 
steam condensate, 538-44 
water, boiler, 520-37 
fresh, 130 
mine, 132 

sea, 383-92, 384-77’ 
scaling, 636 

stress corrosion cracking, 137-8 (see also 
Embrittlement, in boilers) 
vs. cast and wrought iron, 139 
water-line attack, 126-7 
Steels, high-alloy (see Chromium-iron, Clirom- 
. ium-nickel-iron, and Nickel-chrom- 
ium [-iron] alloys) 
soil corrosion, 452 
low-alloy 

atmospheric corrosion, 122-124 
effect of copper content, 121-122 
effect of phosphorus content, 122 
sea-water corrosion, 383-92 
soil corrosion, 451 

Steels, stainless (sec also Chromium-iron 
alloys, Chromium-manganese-iron 
alloys. Chromium-nickel-iron .alloy's, 
and Nickel-chromium [-iron] alloys) 
Alloy' Casting Institute designations, 
1151-27’ 

A.I.S.I. ty'ije numbers, 11507’ 
effect of stress, 571 


Steels, stainless, effect of stress, in magnesium 
chloride, 180-17’ 

intergranular corrosion, 161-^,191 
pitting of, 165-173 

resistance to sea water, 1727’,413-S, 
4137’ 

stress corrosion of, 174-82, 571^ 
effect of heat treatment, 1787’ 
in chlorides, 174, 180-17’ 

Stellites (see Cobalt alloys) 

Stoneware, chemical, 353—4 
physical properties, 3637’ 

Stray-current corrosion, 601-6 
definition, 601 (see also Glossary') 
detection, 604-6 
effects, 602-3 
lead cable sheathing, 613 
prevention, 603^ 
sources, 601-2 

Stress, and fretting corrosion, 596-7 
effect of static stress, 576-7 
corrosion by steam, 518 
embrittlement in boiler water, 531 
permissible fiber stress in lead alloys, 208f’ 
threshold for stress cori osion cracking of 
stainless alloys, 176 

Stress corrosion, 569-78 (refer also io Season 
craclcing) 

magnesium chloride for test solution, 174 
of aluminum alloys, 48, 570 
condensers, 555 
copper alloys, 571 
copper-nickel alloys, 93-4 
copper-silicon alloys, 110 
copper-tin alloys, 101 
copper-zinc alloys, 77-81, 570-1 
lead, 571 

magnesium alloy's, 231-4, 232E, 233F, 
234F, 235F, 572-3 
in atmosphere, 247-9 
nickel, 264-5 
nickel alloys, 573-4 
nickel-chromium alloy's, 291-2 
nickel-copper alloy's, 279-80 
nickel-iron alloys, 199-200 
stainless alloys, 174—82 
steel, 137-8, 571 

stainle.ss, 174-182, 571 
zinc, 339, 574 

in atmosphere 346 
remedies, 574-5 
theories, 575-6 

tests (see Tests, laboratory', stress corrosion 
cracking) 

Stress relief temperatures, various metals, 574 
A.S.M.E. boiler code, 164 
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Sublimation cnerg> and passmtj 25-C 
'Sulfur (*c/? also Gase> hot mlfur rompound'O 
effect in iron 8 
«tcel 140 

Sulfur dioxide high temperature resistance 
of aluminum alloj 3 617 
gold 706 

magne-ium alio** 073 
nichel-chrormum ( iron) alloys 6S9 
palladium 707 
platinum 707 

resistance of aluminum alloye 4t> 
copper 2inc alloi'^ 82 3 
«oIubilit\ in«ater 114G7’ 

Sulfur dioxide group chemicals matcriaLs rc- 
n-lant to 790-27 

Sulfu 1C acid re^utancc of aluminum allox-^ 
43-4 

ca^t uon nickel alloi-® 190-8 
chromium iron allox'^ 1407 
chromium nickel iron alloj's 29F 152 5 
loGF 

copper nickel alloj'* S7 

copper-'ilicon aIIoj’« 1077 

copper tin a]lo^■5 9S 

copper 2inc alloj-s, 75 

lead 212F 

moljbdcoum 2o37 

mckcl 250-7 2o7r 

mckel'chromium alloj^ 2S3 

nickel-copper allot-* 2“0-l 9C0F 

nickel iron allot-* 194 1957 19CP 

nickel mol} bdenum alloj-* 296F 2977 

silieon iron alloj-* 202F 

steel 133 

tungsten 3307 

high tempe-ature re-astance of gold 707-9 
iridium 707-9 
osmium 707-9 
palladium 707 9 
platinum 707 9 
rhodium 707 9 

Sulfuric acid group chemicaL mstenal re- 
•iLtant to 776-827 

Sulfupous acid re-Ltance of cbronuum- 
mckel iron allo}-* 155 
copper mckel allo}-* SS 
copper tin alloys 9S 
copper nnc alloys 75 
nickel 259 

nickel-chromium alloy* 287 
nickel-copper alloj-s 273-4 

Superheater tube corrosion 535-7 

Tanks storage bituminous coatings for 
901 2 


Tantalum 320-3 

embnttlement 321 721 2 
high temperature corro'ion. 720-2 
resMance to acids 321 
air high temperature 720-1 
alkahcs 321 

atmospheric corro ion 323 
gases 323 
halogens 722 

nitrogen high temperature 7217 
«alts 321 2 
steam 721 

uses in human bodj 321 2 
Tarnish effect of emironment 15 
effect of moisture 15 
equations for 15-20 
fundamentals 11 20 
of copper 14FV 
gold allo}-* 118 
palladium 308-9 
alier 14FN lo 319-20 
rate constant for 18 
protection against 20 319-20 
theories of cleclroI}-tic 16- ’O 
agner • 1C 19 

Temperature com er«ion units 1 153-67 
effect on aluminum aUo} corrosion 41 2 
alternate umnenion testing 9G9 70 
bearing corrosion 561 2 
carnation 59a 

chromium nickel iron 16-*’ allo} 185 
condenser corro'wn Sol 5 
fouling 437 

magnesium alloy corro ion 21S-21 
pitting 167 
fcalt-^praj feets 9“4 
sea water corrosioa of copper zinc 
allo\-s 72 3 

copper nickel alloys 66-7 
*teel 391 

EibcOD iron alloj corrosion 202 3 
steam corrosion 512 5 
*teel corrosion 12S • 

total imniBr"ioa tests 962 
zinc coiTosioQ 33o 

Terne plate (see Lead tin alloi-s and Lead 
coating*) 

T«ts 953-1099 
electrochemical 6-7 
embnttlement in boiler waters 53‘’-5 
Tests (field) 1043-99 
atraoTihenc 1043 8 
atmosphere 151563 1013 
data desired 1044 
duration lOlS 
exposure methods 1045-8 
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Tests (field), atmospheric, galvanic couple 
tests, A.S.T.M., 1005 
racks for, 1045-71^’ 
specimens, 1044-6 
chemical plant, 1052—8 
objectives, 1052-5 
oil-refinery equipment, 1058 
procedure, 1053-8 
specimen examination, 1058 
spool test, 1053-6 
paints, 1071-7 

application variables, 1073-5 
duplication, 1072 
duration of test, 1075-6 
mounting of specimens, 1075 
reporting results, 1075-6 
test areas, 1071-2 

preparation of, 1072-3 
test locations, 1076-7 
soil, 1048-52 

calculation of pit depth, 1050-2 
duration of test, 1049 
reporting results, 1049-52 
specimens, 1049 
steam, service tests, 518-20 
steam condensate, 544-5 
water, sea, 1060-71 
half tide, 1068-70 
precautions, 1060-1 
rack construction, 1061-8 
specimens, 1070-1 
water pipe, 1058-00 
^Tests (laboratory), 953-1042 
alternate immersion, 905-70 
apparatus, 960-8 
duration of test, 970 
effect of tcmporatuie, 969-70 
reproducibility of results, 970 
solutions, 970 
specimens, 908-9 
brass, 1015-0 

dczincification, 1015 
impingement, 1015-6 
season cracking, 1013 
cavitation damage, 993-7 
jot test, 994 

measure of damage, 993-4 
venturi tost, 994 
vibratory test, 994 
corrosion fatigue, 987-93 
in air, 988-91 
in liquids, 991 
in steam, 991-2 
precautions, 993 
reporting results, 992-3 
electi ochcmical, 978-87 


Tests (laboratoi y) , electrochemical, current 
density curves, 985 
methods, 979 
paints, 1029 
polarograph, 979-80 
potential-time curves, 980-1 
procedure, 985-7 
resistance measurements, 981-2 
galvanic couple, 1002-6 
high-temperature, 997-1001 
A.S.T.M. life test, 997-8 
external heating of specimens, 998-1000 
furnace atmospheres, 1001 
internal heating of specimens, 997-8 
microscopic examination, 1000 
molten metals, 1001 
salts, molten and solid, 1001 
humidity and condensation, 1006-8 
of coatings, Cd, 844 
of coatings, Pb, 853-4 
lubricant corrosion, 1034-8 
beaker tests, 1036-7 
bearing corrosion, 1034-7 
copper-strip test, 1037-8 
engine tests, 1036 
metal coatings^ 1030-4 
adhesion, 1031-2 
hardness, 1032 
porosity, 1032-4 
thickness, 1030-31 
methods, various, 953-9 
organic coatings, 1023-30 
abrasion resistance, 1027-8 
absorption and pei meability, 1028-9 
adhesion, 1025-6 
distensibility, 1026-7 
electrochemical, 1029 
film thickness, 1024 
impact resistance, 1027 
porosity, 1029 

potential-time measurements, 1029-30 
outline and interpretation, various tests, 
953-9 

salt spray, 970-8 
air for, 975 ' 

apparatus, 971-3 
functions, 970-1 
reporting results, 978 
solutions, 974 

specifications, Cd coatings, 844 
Pb coatings, 856 
specimens, 977-8 
temperature, 974 
soil, 1038-43 

Denison coll, 1039 
interpretation, 1049-3 
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Testa (laboraton ) stainless steel* 1016-22 
copper sylfatc-sulfunc acid test 1020-1 
intergranular corrosion 1019-22 
nitric acid boiling 1010-20 
pitting 1022 

Strauss test (see Copi>or sullate-suHune 
acid test) 

stress corrosion cracking 174 
steam test for sine 1023 

tests in (see references in Corronon by 
Hitjh-Tempcralure Steam p 511) 
stress corrosion cracking 1009-14 
environment 1011—1 
environment for aluminum alloj 8 

ion 2 

copper alloj’s 1013-4 
mercurj le«t for bras* 1013—1 
iron 137 1014 
magnesium alloys 1014 
stainless steels 174 1014 
stress methods for appliing 1010- 1 
total immersion 9o9-Go 
duration 9&1 
effect o! aeration 902 3 
temperature 0G2 
\elocit% 9o9-Cl 
reporting result* 9G-1-5 
solutions 0G3 
specimen support* 0G2 
specimens 9C3-4 
Elu*hinB compounds 921-3 
specimens cleamng of 10"7-S2 
preparation 1077 S2 
statistical methods 10'*3-09 
straj -current corrosion 004-6 
zme steam test 1023 

Theor> of action of additives to slushing 
compounds 919 

action of chromates as inhibitors 9 31 
attack bj acids 8-9 
electrochemical corrosion 3-11 
electrolytic oxidation and tarnish 16-20 
electron configuration of pas«ivitj 24-6 
{ eneralized film of passivitj , 23—1 
oxide film of passintj , 23 
passiiator* 30-2 
passintj 23 6 

general discussion of 32 
in aUoj*s 27—30 
pitting 165-6 
stress corrosion S75-6 
1\ agner s of tarnish 16-9 
Thermocouple allojs 67S-9 
Thiokol {$ee Rubber) 

Tin 323-9 

as alloj in indium 120 


Tin coatings {see Coatings tin) 
molten resistance of aluminum allojs to 
617 

resistance to acids 324-5 
organic 325 
alkahes 325-6 
atroosphenc corrosion 327 9 
orgamc compounds 327 
salt* 320-7 
water fresh 323— i 
sea 324 4177 
Tinning methods of 829-31 
Titamuni 329 

additions toprev cntintergranularcorro'ion 
1C3-4 191 2 
Tolerance limit 221F\ 

Tool steels chromium iron allojs for 14o 
Tubercles pH of n ater m 497 
theorj of formation 497 
lUustratiOQ 11057 
Tungsten 330 

Tnoscore (see Chromium nickel iron 16-2 
alloj ) 

Uranium 331 

Vahes cobalt alloj's for 620 
exhaust heat resisting properties of fiCOr 
4arni*hc8 8S4-90 
defimlion 8S2 
^ehlcles for paint* 886-7 
\elocitj effect on alummum alloj** 47 
cobalt alloj s 08-9 
eoDden«er corro*ion 545-9 
copper ailoj'S in sea water 393-401 
copper mckel allov* 93 
copper tin alloi-s lOO 
copper zinc aJloj * 76-7 
fouling 439 
lead 212 

magne*ium alloj s 2^8 
stainless steel in sea water 414 o 
steel 13o-C 
in hot gases 63d 
in ®ea water 390-1 
total immer«ion testing 9o9-61 
zinc 33S 

\ibratioii (sec Corrosion fatigue) 

\ inyl acetate and acetals 896 
^injl chloride 896-7 
Vistaner (sec Rubber) 

\ifallium (see Oibalt alloys) 

Wagner’s theorj 16-9 
Water (boiler) 520-37 
concentrated 526-31 
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Water (boiler), corrosive characteristics, 
520-1 , 

embrittlement. 531-5 
cracks, 533-5 
protection against, 535 
stress for, 531 
test for, 532-3 
pitting, 521-4 

resistance of, copper-nickel alloys, 86 
copper-zinc alloys, 73—4 
nickel-chromium alloys, 282 
nickel-copper alloys, 268 
treatment, 540 

Water (carbonated) resistance of, nickel, 254 
- nickel-copper alloys, 268 

Water (distilled), resistance of, aluminum 
alloys, 42 
lead, 21 OF 
nickel, 2507’ 
nickel-copper alloys, 208 
tin, 323 
zinc, 4 

Water (fresh), 49G-50G 

cathodic protection in, 501, 949-50 
coatings for, 504-0 (see also Coatings) 
bituminous, 899 
cement, 505 
cooling, 499 
non-iceirculating, 500 
deactivation, 500-7 
deaeration, 507-10] 
domestic, 501-3 

carbonate balance system, 502 
hexametaphosphate treatment, 503 
silicate of soda for, 502-3 
treatment, 501-3 

inhibitors for, 499 {see also Inhibitors and 
Passivators, p. 905) 

Langelier Index, 502 

paints for, 505-6 (sec also topic Organic 
Coatings, 878-905) 
pipe materials for, 503-4 
resistance of, aluminum alloys, 42 
chromium-manganese-iron alloys, 190 
chromium-nickel-iron, 16-2 alloy, 184 
copper, 62—4 

copper-nickel alloys, 85-6 
copper-silicon alloys, 105 
copper-tin alloys, 96-7 
copper-zinc alloys, 71, 73-4 
iron and stool, 7-8, 130 
load alloys, 209-11 
magnesium allo 3 -s, 222F 
nickel, 254 

nickel-chromium alloj's, 282 
nickel-copper alloj's, 268 


Water (fresh), resistance of, nickel-iron 
alloys, 1997’ 
tantalum, 321 
tin, 323-4 
zinc, 335-6 
tuberculation, 497—8 

Water (mine), resistance of, aluminum alloj's, 
43 

copper-silicon alloys, 106 
copper-zinc alloys, 74 
nickel, 254, 2567’ 
nickel-chromium alloys, 282-3 
nickel-copper alloys, 269 
steel, 132 

Water (river), dissolved solids in, 11207’ 

Water (sea), 383—429 
alkalinitj^ 1117-8 
artificial, formulas for 11217’ 
characteristics, 1111-227’ 
coatings, organic, for, 430-3 
conductance, 1114, 11157’ 
constituents, 11117’ 
density, 11137’ 
maximum, 1113 

dissolved oxygen content, 11177’ 
dissolved solids, 11207’ 
effect of pollution, 1119-20 
fouling in, 419-29, 433-46 
fouling tendencies of alloj'S in, 427-97’ 
freezing point, 1113, 11147’ 
galvanic corrosion, 418-9, 420-67’ 
galvanic series in, 4167’ 
gases, solubilitj’ in, 1115-177’ 
osmotic pressure, 1114 
paints for, 430-3 (see also Paints, and 
Coatings, organic) 
blistering, 430 
drj’’ docking, 431 
galvanic effects of, 432 
surface preparation for, 431-2 
vehicles, 431 
pH, 1118 
piling, 390 

racks for tests, 1064F, 1008-9F 
resistance of, aluminum alloys, 43, 406, 
410-117’ 

cast iron, 384-77’, 392 
chromium-manganese-iron alloys, 190 
chromium-nickel-iron, 10-2 alloys, 184-5 
chromium-nickel-iron alloys, 1847’, 413- 
8, 4137’ 

copper, 64, 3947’ 
copper alloys, 393-402, 4057’ 
copper-beryllium, 111 
copper-nickel alloys, 80-7, 3997’ 
copper-silicon alloys, 105-6, 3i)5T 
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"SVater (sea), re'istance of, 

eopper-tm alloys, 96-7 SOOT". SSey 
coppcr- 2 inc aWoys, 71-3 39&-7T 
galvanic corro«ion, 415-8 
magnesium alloys, 223 2247'. 400-13, 
4127 

miscellaneous materials 4177 
nickel. 254-6 407T 
nickel allojs 402-6, 4097 
nickel-chromium allojs 283 4097 
mckel-copper allojs. 269-70, 4087 
nickel-molj bdenum alloys, 403, 4097 
steel. 3S3-92, 3«^7r 

effect of. composition, 391 2 
mill scale. 3SS-9 
temperature 301 
\elocitj, 390-1 
welding 391 
/■iintuumusj.mtne.iMifvn 
half-tide immersion, 389-90 
mud line corrosion, 390 
pitting, 3SS-9 

steels stainless 1727. 413-8, 4137 
tin, 324 

soIuLihtv products of silts to, 1118-9 
specific gravitj, 1113T 
speesfie iieit 11147 
vapor pressure. 1114 
TTater-line nttick, 5-0 
of steel 120 

Weld decay 1G2, IKWF 
Welding and fretting corrosion 505 
MTiitney diagram of soil claasiffcation 448P 
l\irc drawing in steam impingement attack. 
84, 1104F 

W ires, heat-resisting, life of, 9097 
life lest for 997 8 

mckcl chromium and nickel-chromium- 
iron belijvuor in gases 698-9 
Wood, 372-8 

adhesives for. properties, 376-87 


Wood, in contact with lead, 216 
properties. 374-57 
resistance to various solutions, 3737 
Work function and passinty, 25 

Zine, 331-47 
anodic coatings for, 862 
chromate coatings for, 8G2— 4 
coatings (see Coatings zme) 
compositions. 3327 
corrosion fatigue, 331 
effect of, pH, 335 
stress, 339, 574 
temperature 335 
velocitj 33S 

effect on oxidation of magne«mm, 
6737 

galvanic corrosion. 339 
ln^temper-itu/v corronaa, 
metailuigical factors 339 
moUcD, resistance of aluminum to, 
017 

pigments, 8SS-B0 
protection of 340-2 
resistasce to. acids 336-8 
alkalies, 336-8 
alroosphoric corrosion, 342-7 
effect of stress, 346 
galvanic 310 
indoor. 342 3 
outdoor. 344-C 
protection from, 347 
gases, 340 

dissolved, 332-5 
organic compounds, 338 
non-aqvieoiis, 339-40 
salts 336-8. 3377. 977F 
soil. 454 4607 (see also Coatings, zme) 
water, distilled, 4 
fresh, 335-6 
^ircoaiuin, 347-8 



